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Young Leaders for Biology in India 


MANY DEVELOPING COUNTRIES IN ASIA ARE RAPIDLY BUILDING NEW RESEARCH INSTITUTES, EAGER 
to establish a vibrant and progressive scientific enterprise on a nationwide scale. As Huang and 
Tan point out in the Policy Forum on p. 1471, this buildup of scientific infrastructure must be 
combined with changes in culture that promote innovation and collaboration, which are required 
ingredients for recruiting a new generation of outstanding scientists. India, a nation faced with 
such challenges, is engaged in a promising grassroots experiment aimed at attracting back tal- 
ented young researchers and fostering a new scientific culture in the biological sciences. 

In recent years, India has made considerable investments in life-science research (the 
current budget is approximately double that of 5 years ago). The new resources have been 
directed primarily toward creating new institutes, revitalizing older ones, and expanding 
the number of research and teaching positions. Thus far, India has not adopted China’s and 
Singapore’s strategy of offering lavish resources to established U.S. 
or European scientists to either move to or create outpost laborato- 
ries in Asia. Instead, India is reaching out to its young scientists who 
have mostly trained abroad, hoping to entice them to return home. To 
facilitate repatriation, the government has established several grant 
programs to support postdoctoral work and new independent lab- 
oratories within India (such as the Wellcome Trust/Department of 
Biotechnology India Alliance and other prestigious fellowships). But 
the major challenge is to change the mindset of expatriate scientists 
whose picture of Indian science is often one of poor laboratory facili- 
ties remembered from their undergraduate days. 

For the past 2 years, bioscientists in India have been involved in a 
community-building effort directed at uniting its young scientists to 
promote their success. The centerpiece is an annual Young Investiga- 
tor Meeting (YIM) that brings together ~40 postdoctoral fellows who 
are considering establishing careers in India with a similar number of young faculty who are 
already facing the realities of setting up a research program in India. Mid-career and junior 
scientists from across the country organize the meeting, which is held in a different region of 
India each year. Leading international scientists, senior Indian faculty, and government leaders 
are also invited to provide mentorship on both India-specific as well as more universal hurdles 
facing those setting up a research program. The topics under discussion include how to obtain 
grants, pick research problems, publish papers, guide trainees, and resolve conflicts. 

This meeting offers a forum in which junior scientists unite and gain a sense of their 
important roles and responsibilities in building Indian biology. Social networking is strongly 
encouraged as a means of sharing solutions to problems and creating research collabora- 
tions. The postdoctoral fellows who attend obtain a realistic picture of the challenges and 
prospects in India, while forming a network with their prospective colleagues. This creative 
nationwide initiative is aimed at recruiting scientists into multiple institutions, thereby ben- 
efiting the country as a whole. 

To complement this effort, a central IndiaBioscience Web portal (www. indiabioscience. 
org) has been created to provide information on grants, jobs, and special programs, as well as 
opinion pieces on issues such as managing family and work, combining teaching with research, 
and hiring couples. Both the meeting and the Web site, managed by junior/mid-career faculty, 
help to instill a sense of responsibility among India’s younger scientists to take ownership of 
their future and lead efforts to improve the scientific environments at their home institutions. 

These initiatives represent a model that can be translated to other countries. Scientific 
success cannot emerge from new buildings and equipment alone. The best guarantee for 
future success is to imbue young scientists with a sense of a mission, to nurture not just the 
science but a culture that fuels the will to succeed in countries long thought of as second- 
choice options for research careers. 

— Shubha Tole and Ronald D. Vale 
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For those working with 
human embryonic stem cells 
(hESCs)—or even those follow- 
ing the research—the past 4 weeks 
have been tumultuous. In August, a District 
of Columbia (D.C.) judge temporarily barred 
federal funding for hESC research. The ruling 
threw labs and funding agencies into turmoil 
and generated much debate over whether cur- 
rent stem cell guidelines violate a 1996 rule 
that prohibits harming human embryos. An 
appeals court temporarily lifted the funding 
ban last week, and the National Institutes of 
Health (NIH) has resumed funding the work, 
but the case against hESC research is mov- 
ing forward, with more legal filings expected 
this month and next that could again interrupt 
funding. In the end, resolution may need to 
come from Congress, where a handful of poli- 
ticians are considering bills to more explicitly 
allow federal funding for hESC work. Whether 
they’ll become law before the midterm elec- 
tions in November remains to be seen. 
Although this particular court case dates 
only to the summer of 2009, the hESC story 
stretches back 15 years, even before the 
cells were first isolated. Science assembled 
a timeline to capture this long road, whose 
end is still uncertain. 
—-GRETCHEN VOGEL AND 
JENNIFER COUZIN-FRANKEL 


26 January 1996: Responding in part 
to an order from the Clinton Adminis- 
tration allowing some embryo research, 
the Republican-led Congress passes 
the Dickey-Wicker Amendment. The 
amendment, named for then-represen- 
tatives Jay Dickey and Roger Wicker 
(now a U.S. senator), bars “research in 
which a human embryo or embryos are 
destroyed, discarded, or knowingly sub- 
jected to risk of injury or death greater 
than that allowed for research on fetuses 
in utero” (Science, 9 December 1994, 


Protecting China’s 


fossil beds 


A History Primer 


6 November 1998: 
James Thomson and 
colleagues at the 
University of Wis- 
consin, Madison, 
report that they have 
isolated hESCs and 
kept them growing 
for months with- 
out differentiat- 

ing. Thomson had walled off his embryo 
research from any public funding, setting up 
a separate lab in a building across campus 
from where he does NIH-funded research 
(Science, 6 November 1998, p. 1014). 


Neurodegeneratian 


19 January 1999: Then—NIH Direc- 
tor Harold Varmus (above) announces 
at a meeting of the National Bioethics 
Advisory Commission that “current 
law permits federal funds to be used for 
research using human pluripotent stem 
cells.” Varmus bases his announce- 
ment on a memo by Harriet Rabb, 
general counsel to the Department of 
Health and Human Services (HHS). It 
concluded that because hESCs are not 
embryos, research using them does not 
violate the Dickey-Wicker Amendment 
(Science, 22 January 1999, p. 465). 


23 August 2000: NIH issues guidelines 
for hESC research. Before any grants are 


XMRV: No meeting 
of the minds 


a new review of the NIH policy, putting all 
grant reviews on hold (Science, 1 Septem- 
ber 2000, p. 1442). (In an ironic twist for 
supporters of the research, Jay Dickey was 
one of the few incumbents who lost his seat 
in the November 2000 election.) 


8 May 2001: While Bush reviews the 
policy, researchers join forces with 
high-profile individuals affected by con- 
ditions for which hESCs are considered 
promising, including actor Christopher 
Reeve, paralyzed by a spinal cord injury. 
They ask the U.S. District Court for the 
District of Columbia to declare that the 
NIH guidelines are legal and to com- 
pel NIH to fund research on the cells 
(Science, 25 May 2001, p. 1463). 


9 August 2001: Bush announces that NIH 
will fund research only on cell lines derived 
before this date. Ultimately, 78 cell lines 
are included in the NIH registry, but only 
21 are actually available for research. Many 
submitted lines fail to grow without differ- 
entiating; others are not shipped by the labs 
that made them. One was withdrawn by the 
embryo donors. 


18 July 2006: The Senate passes a bill 
sponsored by representatives Diana 
DeGette (D—CO) (below) and Michael 
Castle (R—-DE) and previously endorsed 
by the House of Representatives. It 
would allow research on hESCs pro- 
vided the cells are derived from embryos 
left over after fertility treatments and 
donated to research. The next day, Bush 
vetoes the bill. 


p. 1634). funded, however, President George W. Bush pw 
is inaugurated in January 2001. He orders 
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25 August 2006: 
Shinya Yamanaka 
of the University 

of Kyoto in Japan 
(left) reports in Cell 
a technique called 
cellular reprogram- 
ming, which turns 
mouse fibroblast 
cells into pluri- 
potent cells that can 


Y 
bl 
a | - 
become any cell 


type. The induced pluripotent stem cells are 


t 


heralded as a noncontroversial alternative to 


hESCs and potentially more powerful than 
adult stem cells. 


7June 2007: Congress tries again, autho- 
rizing NIH research on hESCs regardless 
of when they were derived. Two weeks 
later, on 20 June, Bush (above) vetoes the 
bill for a second time. 


9 March 2009: President Barack Obama 


URTESY OF WWW.GLADSTONE.UCSFEDU; LANDOV (2); NIH; AP IMAGES; NIH; AP IMAGES 


3 (above) issues an executive order stating 
that NIH “may support and conduct respon- 
sible, scientifically worthy human stem 

cell research, including human embryonic 
stem cell research, to the extent permitted 
by law.” The order requires NIH to develop 
e new guidelines to govern the research 

5 within 4 months. 


(CHRONOLOGICAL): C 
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Demographers 


challenge China’s 
one-child policy 


9 April 2009: NIH releases draft guide- 
lines that would permit federal funding 
for research on hESCs but not for their 
derivation. Over the next 2 months, it 
receives more than 49,000 comments 
in response. 


7 July 2009: Under 
acting Director 
Raynard Kington 
(right), new NIH 
guidelines go into 
effect. They establish 
criteria for hESC 
lines in NIH-funded 
projects and a registry 
of approved lines. For 
lines derived before 7 July, a committee must 
review the informed-consent documents used 
to donate the embryos. Cell lines derived 
later must comply with the informed-consent 
requirements laid out in the guidelines 
(Science, 10 July 2009, p. 131). 


19 August 2009: 
A raft of plain- 
tiffs, including an 
embryo adoption 
agency, embryos, 
and adult stem cell 
scientists James 
Sherley (left) and 
Theresa Deisher, 
file a lawsuit against HHS and NIH 
arguing that federal funding for hESC 
research is illegal because it violates the 
Dickey-Wicker Amendment. The two 
researchers were recruited to the suit 
by attorneys for those opposing hESC 
research and didn’t meet each other until 
earlier this month. 


27 October 2009: Chief Judge Royce Lam- 
berth of the U.S. District Court in Washing- 
ton, D.C., dismisses the case, arguing that the 
plaintiffs don’t have legal standing to bring 
the lawsuit, largely because they aren’t being 
harmed by the current hESC guidelines. 


28 October 2009: The plaintiffs appeal. 
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cholera vaccine? 


25 June 2010: U.S. Court of Appeals for 
the District of Columbia Circuit reverses 
Lamberth’s ruling as it pertains to the stand- 
ing of Sherley and Deisher. In August, the 
court sends the case back to Lamberth and 
orders that it be allowed to proceed. 


23 August 2010: 
Lamberth grants 
the plaintiffs’ 
request for a pre- 
liminary injunc- 
tion that blocks 
federal funding 
for hESC research 
until the case is 
decided. NIH, led 
by Francis Collins 
(right), immedi- 
ately freezes grant reviews. One week 
later, NIH halts all hESC research inside 
its institutes (Science, 3 September, 
p. 1132). 


9 September 2010: 
After a flurry of fil- 
ings on both sides, 
the D.C. Court of 
Appeals temporarily 
blocks Lamberth’s 
(right) ruling, allow- 
ing federal funding 
to continue for now. 


9 September 2010: The plaintiffs, 
Sherley and Deisher, file a motion for 
summary judgment, telling Lamberth 
there’s enough evidence for him to rule 
in their favor without holding a trial. 


Next: By 20 September, both sides must 
file briefs on the preliminary injunction, 
currently halted, to ban hESC funding. The 
court’s decision will determine whether 
funding can continue while the case pro- 
ceeds. In October, Lamberth will probably 
rule on the case itself. Any decision is likely 
to be appealed. On the congressional front, 
Senator Tom Harkin (D-—IA) was expected 
to hold a hearing this week to discuss hESC 
funding and the legal landscape. 
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PALEONTOLOGY 


China Clamps Down on Illegal 


Fossil Trading 


BEIJING—China’s powerful State Council 
issued a regulation last week designed to 
rein in rampant pillaging of the country’s 
magnificent fossil beds, which have yielded 
the first feathered dinosaurs and other block- 
buster finds. The new rules will change 
the way excavation permits are issued and 
impose hefty fines for infractions. Paleon- 
tologists are generally pleased, but they will 
pay a price for the stepped-up protection: 
potential loss of sovereignty over important 
fossils they unearth. 

By law, all fossils are 
state property. In prac- 
tice, farmers scour known 
sites and sell their finds to 
dealers, some of whom 
alert paleontologists to 
fossils of potential sci- 
entific value. However, 
many dealers are not so 
conscientious, and pre- 
mier specimens end up in 
private collections. With 
so much money sloshing 
around the fossil trade, 
venal officials are known 
to turn a blind eye to ille- 
gal fossil collection while 
withholding permission 
for scientific digs. 

The regulation is 
meant to tackle this sys- 
temic rot, but when a 
draft emerged last year, scientists cried 
foul: It would have given local authorities 
even more say in issuing excavation permits 
(Science, 21 August 2009, p. 924). To 
researchers’ relief, the much-anticipated 
final rule, set to go into effect on 1 Janu- 
ary, should wrest control of important dig 
sites from local officials and put it in the 
hands of the central government. And pale- 
ontologists will no longer need permits for 
small-scale fossil collecting for teaching and 
research—defined as using hand tools and 
no heavy equipment—as long as they file a 
plan beforehand. “This is major progress,” 
says Zhou Zhonghe, director of the Institute 
of Vertebrate Paleontology and Paleoanthro- 
pology in Beijing. 

Also reassuring to researchers, the regu- 
lation casts a protective net over fossil beds 
bearing the most valuable specimens: holo- 
types, for which a species is named; com- 
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Site visit. Zhou Zhonghe examines a 
Cretaceous-era fish. 


plete vertebrate fossils; aggregates of inver- 
tebrates or plants; and imprints like dinosaur 
tracks. The Ministry of Land and Resources 
will now have sole authority to issue permits 
for excavating high-priority fossils. Scien- 
tists will provide critical input: The State 
Council will forward excavation applications 
to a national paleontological committee for 
review. Provincial authorities will continue 
to oversee excavation of low-priority fossils, 
such as single specimens of invertebrates or 
plants. (Early human remains and Ice Age 
fossils are protected by 
other statutes.) Adding an 
element of uncertainty, the 
regulation states that exca- 
vations must be “super- 
vised” by the land min- 
istry’s county offices. “If 
they have basic scientific 
knowledge and know 
what a fossil is and under- 
stand this regulation, then 
our work can go well. Oth- 
erwise, they can stop us 
at any time,” says Jiang 

Da-yong, an expert 

on marine reptiles at 
Peking University. 

The regulation con- 
tains one bitter pill for 
researchers. The land 
ministry will be the sole 
arbiter of where high- 
priority fossils should be deposited: in the 
institution that collects them, or, for exam- 
ple, in a museum. This means researchers 
could lose control of the most important fos- 
sils they unearth, says Zhou. Overseas col- 
laborations could suffer too: Only the minis- 
try may decide which specimens can be sent 
abroad for research, and for how long— 
stripping authority from institutions. 

The regulation sidesteps one key issue: the 
legality of existing private fossil collections. 
But it sets substantial fines for infractions— 
up to $1.5 million for excavating high- 
priority fossils without the land ministry’s 
permission—that may deter illicit activity in 
the future. Still, it’s far from certain that the 
regulation will end up improving the protec- 
tion of China’s magnificent fossils. “We will 
see,” says Zhou. He and others don’t under- 
estimate the will of shadier dealers to stay in 
business. -RICHARD STONE 
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Sciencelnsider 


From the Science 
Policy Blog 


A new report from the Massachusetts Insti- 
tute of Technology lays out steps to triple the 
world’s nuclear energy output by 2050, to 
more than a terawatt. Funding loan guar- 
antees to bring on the latest generation of 
reactors is a priority, the report says, as is 
increasing yearly U.S. federal R&D spending 
to roughly $1 billion. The key step, the report 
says, is to “preserve our options” through 
research aimed at determining whether 
spent fuel rods can be used as a fuel source 
rather than constituting waste that needs to 
be buried. http://bit.ly/nuke_report 


NASA has failed to tamp down media cov- 
erage of a reanalysis of data on soil sam- 
ples from Mars. Despite heavy caveats in 
a NASA press release put out just before 
the long Labor Day weekend, media outlets 
heralded the possibility of finding organic 
compounds—and the faint chance of life 
itself—on Mars in the future. But those 
reports failed to make clear that any organ- 
ics that may someday be found on the 
planet could have arrived there by asteroid. 
http://bit.ly/mars_life 


The imperiled Russian seed bank at Pav- 
lovsk Experimental Station outside 

St. Petersburg may have been issued 

a reprieve. In August, a Russian court 
approved the transfer of 29 hectares of 
fields to the Russian Housing Develop- 
ment Foundation. Now the foundation will 
postpone selling the plots and appoint a 
commission to assess their scientific value. 
http://bit.ly/plants_reprieve 


The European Parliament has approved 
regulations to limit some animal research. 
They allow experiments on macaques and 
other monkeys but prohibit research on 
great apes. http://bit.ly/animal_studies 


Biologist Elizabeth Goodwin, who pleaded 
guilty to making false statements on a 
federal grant report, has been ordered by 
a judge to pay a $500 fine and $50,000 
in restitution to the U.S. government and 
$50,000 to the University of Wisconsin, 
where she used to work. 
http://bit.ly/goodwin_sentenced 


For more science policy news, visit http:// 
news.sciencemag.org/scienceinsider. 
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VIROLOGY 


No Meeting of Minds on XMRV's 
Role in Chronic Fatigue, Cancer 


BETHESDA, MARYLAND—For the past few 
years, researchers have been tantalized by 
reports linking a new retrovirus to some cases 
of prostate cancer and, more recently—and 
more controversially—the mysterious ill- 
ness chronic fatigue syndrome (CFS). With 
the excitement over discovering a possible 
new cause for these diseases, however, has 
come skepticism, as some groups have found 
scarcely a trace of the novel virus, called 
XMRV. Many hoped a 1.5-day workshop* 
here last week would help resolve the contro- 
versy. Instead, the field remains mired in “a 
zone of chaos,” concluded co-organizer and 
retrovirologist John Coffin of Tufts University 
in Boston and the National Cancer Institute 
(NCD in Frederick, Maryland. “We don’t have 
agreement on almost anything.” 

Still, in spirited discussions, sometimes 
frustrated-sounding researchers had a chance 
to air their findings and discuss ways to move 
forward. At the meeting Francis Collins, 
director of the National Institutes of Health, 
announced that NIH is funding a new study 
that could help resolve whether the presence 
of XMRV varies with geography or whether 
differences in how labs prepare and test sam- 
ples explain the varying results. 

XMRYV, which resembles a mouse retro- 
virus, was discovered in 2006 in a group of 
men with a hereditary form of prostate can- 
cer. Some groups have since confirmed the 
finding, but others, particularly in Europe, 
have not. Then a year ago, a report in 
Science linked XMRV to CFS, a disease 
involving fatigue and muscle pain mostly 
in middle-age women (Science, 9 October 
2009, p. 215). Although patient groups were 
ecstatic to finally have a potential cause for 
what some people consider not a true dis- 
ease, the study, led by Judy Mikovits of the 
Whittemore Peterson Institute (WPI) in Reno, 
Nevada, met with doubts as other groups failed 
to confirm it (Science, 15 January, p. 254). 

This summer, scientists at the U.S. Centers 
for Disease Control and Prevention (CDC) 
found no XMRV in blood from CFS patients, 
while a team at the Food and Drug Adminis- 
tration (FDA) and NIH reported finding genes 
from a group of viruses closely related to 
XMRY, dubbed MLV-related viruses, in 87% 
of 37 blood samples from CFS patients and 
in 7% of healthy people (Science, 27 August, 


*1st International Workshop on XMRV, 7-8 September 
2010, Bethesda, Maryland. 


p. 1000). Differences in virus-detection 
methods or in how patients were diagnosed 
or recruited could help explain the discrepan- 
cies, the two sets of authors suggested. 

At last week’s workshop, 220 scientists 
and others ran through many of the published 
studies, as well as some new unpublished 
ones. For example, Mikovits has now found 
XMERYV in patients in England with CFS. She 


ae WL = at mt 
In disarray. Discussions over XMRV (above in prostate 
cancer cells) remain in “chaos,” says John Coffin. 


defended her group’s original findings: “We 
have independent confirmation from three 
groups,” she said at the workshop. But some 
participants raised concerns about possible 
sources of stray mouse DNA, from knives for 
slicing tumors to the heparin sometimes used 
to stabilize blood samples. Tufts immunolo- 
gist Brigitte Huber reported that her lab ini- 
tially found almost no XMRV in CFS patient 
samples, but when they tested more samples 
from patients and healthy people prepared 
a different way, many were positive. These 


samples turned out to contain endogenous 
mouse retrovirus DNA, probably from a con- 
taminated reagent, said Huber: “It’s a false 
positive in our hands.” 

One underlying issue is that the polymerase 
chain reaction assay used to detect XMRV— 
the assay copies and amplifies pieces of 
DNA—1s so sensitive that it can detect 
extremely small traces of viral sequences, the 
amount in a milliliter of water from a swim- 
ming pool in which a drop of mouse blood has 
been mixed, Coffin said. This makes it easy 
to pick up contaminant mouse viral DNA. 
Even if XMRV is present in some tumors, the 
reported levels are so low that it’s unclear 
how it could contribute to the development 
of cancer, says pathologist Angelo De Marzo 
of Johns Hopkins University in Baltimore, 
Maryland. “The data [are] very noncompel- 
ling,” says De Marzo, whose lab, working 
with NCI’s Alan Rein, failed to find XMRV 
in nearly 800 prostate tumor samples. 

Some meeting participants said the only 
way to establish that XMRV actually causes 
CFS and isn’t simply a “passenger” virus that 
doesn’t contribute to the illness is to treat CFS 
patients with antiretroviral drugs. Coffin cau- 
tioned that it would be “premature” to do so 
without an assay to monitor the amount of 
XMERV in a patient’s blood, as is now done 
with AIDS patients on antiviral therapy. But if 
such a test is developed, “I would not be averse 
to doing very small studies under tightly con- 
trolled clinical conditions,” he said. 

Hoping to figure out what’s going on, a 
federal working group involving labs at FDA, 
CDC, WPI, and elsewhere has compared 
results for blood samples to which various 
amounts of XMRV had been added. (AII six 
labs detected it.) The group has also tested 
four WPI samples from CFS patients but isn’t 
ready to discuss the results because “we’re 
still confused by them,” says Coffin, who is 
part of the working group. 

More answers could come from the study 
Collins announced. National Institute of 
Allergy and Infectious Diseases Director 
Anthony Fauci has asked Columbia Uni- 
versity epidemiologist W. Ian Lipkin to col- 
lect blood samples from 100 CFS patients 
from four parts of the United States and 100 
healthy people and send blinded samples to 
the FDA, CDC, and WPI labs for testing. 
“We’re interested in settling a discrepant 
observation,” Fauci says. 

Chaos may still reign, but Coffin thinks 
order may emerge over the next year. If noth- 
ing else, he says, “people left the meeting talk- 
ing to each other when they weren’t always 
before. I hope that will continue.” 

—JOCELYN KAISER 
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The Real Decepticons 
Don't trust this robot. It’s been programmed to lie. 
Computer scientists Alan Wagner and 
Ronald Arkin of the Georgia Institute of Tech- 
nology in Atlanta designed an algorithm that 
taught a two-wheeled, camera-equipped robot 
to cheat in a simple game of hide-and-seek. 
First, the robot chooses one of three compart- 
ments in which to conceal itself. The pathway 
to each is blocked by a green, red, or blue 
marker. So, ostensibly, whichever way the robot 
goes, it knocks down a marker that gives a clue 
to its hiding place. But when programmed to 
deceive, the robot knocked over one marker 
and then turned around and hid somewhere 


else. A “finder” robot programmed to find this 
“hider” failed in its quest 75% of the time, the 
team reports in the /nternational Journal 
of Social Robotics. 

Wagner says he’s aware people 
might be leery of creating deceitful 
robots. But he thinks robots that 
know how to lie could benefit society 
in the long run. “There are a lot 
of important situations in which 
humans deceive for the better 
of the other person,” he says. 
“Deception is not necessarily 
nefarious.” 
http://bit.ly/robot-lies 
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A Laser Peashooter 

Who needs a straw? Physicists have devised a 
tunnel of laser light that can shoot small par- 
ticles across a room. 

Vladlen Shvedov, Andrei Rode, and col- 
leagues at Australian National University in 
Canberra relied on a bit of physics called the 
photophoretic force, which arises when light 
warms a particle in air and essentially shoves 
it in a particular direction. To put this force to 
work, the researchers formed a tube of laser 
light called a vortex beam. They then fed into 
the tube either bits of carbon or tiny glass 


Flying Fish Match Birds at Gliding 


Strictly speaking flying fish don't fly—they glide. But these fork-tailed swim- 
mers found in tropical and subtropical oceans still outperform some veteran 
fliers. When researchers placed the fish—caught in the wild, killed, and stuffed 
with foam—in a wind tunnel, they found that their fins achieved better lift and 
less drag than the wings of many insects, and did just as well as some birds, 
like hawks and wood ducks. That may explain why the fish are able to glide over 
the water for distances as far as 200 meters, the team reports in the Journal of 
Experimental Biology. Of course, hawks and butterflies don’t have to be great 
gliders—they can just flap their wings to keep from crashing to the ground. 


http://bit.ly/flying-fish 
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spheres coated with carbon. When a particle 
would wander away from the dark hole in the 
middle of the beam, the light would warm one 
side of it and push it back toward the center. 
And because the light in the beam was flow- 
ing in one direction, it would gently push the 
particle down the pipe, for distances as far as 
1.5 meters, the team reports in an upcoming 
paper in Physical Review Letters. 

The technique should allow researchers 
to transport proteins or even cells over large 
distances without touching or contaminating 
them, Rode says. Others envision taking the 
rig out of the lab, perhaps to sniff out contra- 
band by snaring molecules out of the air. 
http://bit.ly/peashooter 


A Better Way to Monitor Preemies? 
Babies born too early often struggle to sur- 
vive. But doctors can have a hard time telling 
which preemies are going to develop serious 
health problems, such as respiratory failure, 
and which ones are going to be fine. 

To create a better diagnostic, research- 
ers including Anna Penn, a neonatologist at 
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Lucile Packard Children’s Hospital in Palo 
Alto, California and Daphne Koller, a com- 
puter scientist at Stanford University, exam- 
ined physiological data routinely collected in 
the first 3 hours of life by bedside monitors, 
such as heart rate, respiratory rate, and the 
amount of oxygen in the blood. When they 
modeled these data, they observed signatures 
in sick babies that were different from the 
ones they observed in healthy ones. They used 
these differences to develop a scoring system, 
called PhysiScore. As the researchers report 
in Science Translational Medicine, they were 
able to predict serious complications with 
an accuracy of between 91% and 98%—far 
better than current approaches, such as the 
so-called Apgar score. 

Penn says the same techniques might also 
work to identify high-risk surgical patients 
or adults most likely to suffer complications 
following a heart attack. 
http://bit.ly/physiscore 


Read the full postings, comments, and more 
at http://news.sciencemag.org/sciencenow. 
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NEWSMAKER INTERVIEW 


Genentech Scientist to Take the 
Helm at Rockefeller University 


Last week, Rockefeller University 
announced that it has selected Marc Tessier- 
Lavigne to be its next president. Tessier- 
Lavigne, 50, is currently executive vice 
president for research and chief scientific 
officer at Genentech, the San Francisco 
Bay—area biotech company. He replaces 
outgoing president Paul Nurse, who will 
return to his native United Kingdom to head 
both the 350-year-old Royal Society and the 
nascent UK Centre for Medical Research 
and Innovation in London (Science, 23 July, 
p. 380). 

Born in Canada, Tessier-Lavigne studied 
physics at McGill University in Montreal 
and physiology and philosophy at the Uni- 
versity of Oxford as a Rhodes scholar before 
earning a Ph.D. in physiology at University 
College London. Early in his career, he made 
a name for himself by identifying molecu- 
lar signals that guide axons to their targets 
in the embryonic brain, work with poten- 
tially important implications for develop- 
ing therapies to regenerate damaged nerves. 
He held faculty positions at the University 
of California, San Francisco, and at Stan- 
ford University before joining Genentech in 
2003. After the Swiss pharmaceutical giant 
Roche acquired Genentech last year, Tessier- 
Lavigne became second in charge of 
research, reporting to former Stanford col- 
league Richard Scheller, who heads Genen- 
tech as an independent research center 
(Science, 1 May 2009, p. 583). 

Tessier-Lavigne will assume his new 
position in March 2011. He spoke with 
Science last week about the transition. His 
remarks have been edited for brevity. 

—GREG MILLER 


Q: Many people expect the Roche takeover 
to kill the famously innovative culture at 
Genentech, and Roche recently said it is 
looking for new ways to cut costs. To what 
extent was this a factor in your decision? 

M.T.L.: It had absolutely nothing to do with 
my decision. Roche, when they acquired 
Genentech, promised that they would main- 
tain research and early clinical develop- 
ment as an autonomous group that reports 
directly to the CEO. Roche has been abso- 
lutely true to their word, and as a result not a 
single member of the senior research leader- 
ship has left. I’m the first to leave, but it’s 
because I was presented with a once-in-a- 


lifetime opportunity. It was a difficult deci- 
sion. I think the prospects at Genentech have 
never been better, but I had to choose. 


Q: Genentech prides itself on fostering an 
academic environment, and Rockefeller is 
an academic institution devoted to bio- 
medicine. Do you expect your new job to be 
all that different from your old job? 

M.T.L.: In many ways, this is a very simi- 
lar type of enterprise. In coming to Rocke- 


“| think the prospects at 
Genentech have never been 


better, but | had to choose.” 
—MARC TESSIER-LAVIGNE, 
GENENTECH 


feller, I see many of the same strengths: a 
relentless focus on basic science and a real 
interest in science that is relevant and appli- 
cable to disease. There’s more emphasis on 
the basic science, but it’s really a question 
of weighting. 


Q: Are there important differences? 

M.T.L.: Genentech is more of a collaborative 
research enterprise across the institution. 
Here [at Rockefeller], the institute supports 
70 labs to pursue what the lab heads believe 


are the most important directions. The role 
of the president is to help enable the faculty 
to maximize their impact. 


Q: Have you had time to think about your 
goals and priorities for the university? 
M.T.L.: My first priority is to listen and 
learn what the secret sauce is that’s made 
Rockefeller so successful for over a cen- 
tury. Some ingredients seem clear. First, 
it’s a small institution with no departments. 
Because of the structure, there are very few 
distractions [such as] departmental affairs 
and undergraduate teaching. And that’s 
why people can remain productive late 
into their careers. You may have seen that 
Paul Greengard, who’s 84 years old, just 
had a beautiful article in Nature [2 Septem- 
ber] on an important regulator of the amy- 
loid precursor protein that’s important for 
Alzheimer’s disease. 


Q: Will you have your own lab? 

M.T.L.: Yes. The university has a strong tra- 
dition of presidents maintaining an active 
research lab, and that was a major appeal 
of the job. 


Q: You had a recent Nature paper on Alz- 
heimer’s disease yourself [19 February 
2009], hinting at an alternative to the 
most popular explanation of the disease. 
Where do things stand with the amyloid 
hypothesis? 

M.T.L.: The amyloid hypothesis is a strong 
hypothesis. It’s equally important to focus 
on additional mechanisms that are upstream 
of amyloid formation and mechanisms 
downstream that are involved in the actual 
degenerative processes within neurons. One 
important lesson in drug discovery is don’t 
put all your eggs in one basket. 


Q: We recently wrote about the challenges 
of drug discovery in neuroscience [Science, 
30 July, p. 502]. What does the future look 
like to you? 

M.T.L.: The unmet need is still huge. There 
are no disease-modifying treatments for ~ 
neurodegenerative diseases. The same is % 
true of psychiatric illnesses, many of which 2 
are poorly treated. The prospects for drug & 
discovery are entirely based on understand- 
ing the biological mechanisms that go awry. § 
Our knowledge is accelerating, particularly w 
for neurodegenerative diseases. It’s breaking 3 
open in the way that cancer did in the early 3 
1990s. I’m guardedly optimistic that we’re = 
on the cusp of great breakthroughs in under- § 
standing the mechanisms, and that’s what’s 5 
essential for rational drug discovery. 5 


KEFEL! 
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Physical fitness. Jonathan Dorfan 
will strengthen physics and 
math at OIST. 


Physicist Tapped to Turn Embattled 
Institute Into a Fully Fledged University 


ONNA VILLAGE, JAPAN—Can a world-class 
research university thrive on a subtropical 
island lacking a scientific tradition? Physi- 
cist Jonathan Dorfan intends to make that 
happen. Appointed president-elect of the 
Okinawa Institute of Science and Technol- 
ogy this summer, Dorfan will steer OIST 
through the final phase of start-up and enroll 
its first graduate students in 2012. He was 
chosen because of his stature and experience 
from 1999 to 2007 as director of the Stanford 
Linear Accelerator Center, now the SLAC 
National Accelerator Laboratory in Menlo 
Park, California, where he oversaw a staff of 
1500 and an annual budget of $300 million. 
Conceived almost a decade ago, OIST 
is intended to break the Japanese univer- 
sity mold by emphasizing interdisciplinary 
research, filling at least half its faculty posi- 
tions with foreigners, and conducting all 
instruction in English. It is also charged with 
fostering economic development in Oki- 
nawa, one of Japan’s poorest prefectures. 
OIST opened as a research institute 
in September 2005 with Nobel laureate 
Sydney Brenner as its first president. Dor- 
fan will take over when OIST officially 
becomes a university next year. In the mean- 
time, he must lead curriculum development, 
add physicists and mathematicians to a life 
sciences—heavy faculty, and win accredita- 
tion. He must also secure funding from a gov- 
ernment determined to rein in a ballooning 
public debt while fending off skepticism in 
Japan’s parliament over OIST’s merits. Last 
spring, a governmental waste-hunting task 
force grilled Brenner over OIST’s expendi- 
tures on its Nobel laureate—packed board of 
governors: reportedly $350,000 a year for 
honoraria and first-class tickets to biannual 
meetings. Brenner promised to economize. 
Dorfan says he wants to meet critics in per- 
son to make OIST’s case. —DENNIS NORMILE 
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Q: Why did you take up this challenge? 
J.D.: To a large extent, it is the boldness of 
the endeavor and the goals, which are to pro- 
mote international research and education. 
In addition, I saw an opportunity to provide 
support to researchers in an environment 
that’s unfettered. 


Q: What is going to distinguish your 
approach to interdisciplinary research? 
J.D.: Let me acknowledge that “inter- 
disciplinary” is a buzzword. It is some- 
thing that some of the best institutions in 
the world have taken on aggressively. One 
challenge in a traditional university is that 
faculty normally are based in departments. 
They have teaching duties in their depart- 
ments. Academic support is departmental. 
Here we can organize in a way that is much 
freer than that. Our teaching is at the gradu- 
ate level. That lessens the load on research- 
ers. It gives you more freedom to create the 
kinds of interactions that lead to interdisci- 
plinary research. 

Secondly, there’s been a great deal of 
thought in the layout of the labs. Principal 
investigators are in groups of eight. They 
must bump into each other [and] talk to 
each other. A lot of thought has gone into 
the dynamic that generates interdisciplinary 
discussions, and you hope ideas will follow. 


Q: What about the educational component? 
J.D.: We need to produce researchers who 
have a strong base in a discipline—with 
well-identified skills and capabilities. On 
the other hand, we can [add] multidisci- 
plinary aspects. An example might be a 
course on measurement. Not how do you 
make measurements specific to a particu- 
lar biological area, but what is the essence 
of measurements. To be frank, we’re still 
developing these ideas. 
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Q: Until now the focus here has been on 
life sciences. How will you broaden the 
scientific efforts? 

J.D.: Now that we have established a core in 
life sciences, we will start to build up physical 
sciences and mathematics. We are also very 
open to people who are strong in specialized 
instrumentation. I hope that new instrumen- 
tation will be a hallmark of this institution. 


Q: Will you be able to recruit top people? 
J.D.: I came here with great enthusiasm, 
attracted by the research and educational possi- 
bilities. ... It’s a beautiful island. It’s a very wel- 
coming culture. Now, I am also realistic. We 
will have to compete with the best for the best. 
I’m confident that we are going to win enough 
encounters that this place will flourish. 


Q: This institute is also supposed to con- 
tribute to the sustainable development of 
Okinawa. How will you fulfill that role? 
J.D.: Building an exceptional faculty, bring- 
ing in the best young researchers, and hav- 
ing an outstanding student body is really 
the essence of what we need. Then many 
things follow. The cultural opportunities are 
also great. An internationally constituted 
scientific community appreciates creativ- 
ity. So we will bring in performers, artists, 
and shows that will sit alongside the island’s 
already very rich artistic aura. 

Finally, what we talk about the most is tech- 
nology transfer. You certainly know examples 
of technology clusters, one of which started 
with a farm in a town called Palo Alto, and 
you see what you have there now. We have to 
do it here. A series of discussions will [help] 
us formulate a strategy over time. 


Q: Given the Japanese government's fiscal 
situation, will you try fundraising? 

].D.: It’s an absolutely clear certainty. It’s 
going to be one of my early pushes. I was the 
first director at SLAC who brought in donor 
money. I want to use that experience and 
my connections to generate private support. 
That takes a while. You don’t just go out on 
the street with a sign. 
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Has China Outgrown 
The One-Child Policy? 


Thirty years ago, China launched an unprecedented attempt to put the 
brakes on population growth. Some social scientists now argue that 
it's time to scrap the one-child policy altogether 


SHANGHAI, CHINA—Elementary schools 
converted into nursing homes. Lonely only 
children coddled by parents and grand- 
parents. A generation in which men seriously 
outnumber women. China’s one-child policy 
may have slowed population growth in the 
world’s most populous country. But it has also 
produced a rapidly aging population, a shrink- 
ing labor force, and a skewed sex ratio at birth, 
perils that many demographers say could 
threaten China’s economy and social fabric. 

As the most spectacular demographic 
experiment in history, the one-child policy 
is unprecedented in its scope and extremity. 
The measure is so sacrosanct that officials 
who have dared in the past to hint at its dis- 
solution have been quickly silenced. But a 
growing number of experts contend that the 
policy, which turns 30 next week, has run its 
course. “It’s time to start experimenting and 
looking at how to phase out the policy,” says 
Wang Feng, a demographer at the University 
of California (UC), Irvine. 

Over the past decade, Wang and two 
dozen other Chinese-born demographers, 
sociologists, and former government officials 


have been pushing quietly for the policy’s 
abolition. They have looked at what would 
happen if birth targets were lifted, and they 
have put forth schemes for dismantling the 
policy step by step. Attimes this informal anti— 
one-child advocacy group has veered close to 
heresy, debunking some of the government 
birth-control lobby’s most cherished claims. 
But they have been left mostly undisturbed to 
continue their work. “Chinese policymakers 
have increasingly accepted the fact that fertil- 
ity has dropped to below replacement level,” 
explains Wang, who is also affiliated with 
Fudan University here. An internal govern- 
ment debate about the policy’s future, he says, 
has been “going on for some time.” 

When the country’s leaders unveiled the 
one-child policy in an open letter to mem- 
bers of the Communist Party and Commu- 
nist Youth League on 25 September 1980, the 
intervention was not meant to last forever. 
They foresaw a life span of one generation, 
explaining that “in 30 years, when the prob- 
lem of population growth that is especially 
serious at present has been mitigated,” the 
government could adopt a new policy. 
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Now, as children of the one-child gener- 
ation marry and have babies, Wang and his 
colleagues are taking their campaign pub- 
lic to draw attention to that expiration date. 
In recent months, they have held seminars, 
published widely in the Chinese press, and 
released a study showing that many couples 
in one part of China are choosing to have 
only one child, even when given the chance 
to have another—evidence, they say, that the 
one-child policy is obsolete. 

They have their work cut out for them. 
They’re up against decades of bad science, 
central government leaders preoccupied with 
short-term stability, and a bureaucracy of 
staggering proportions: the National Popu- 
lation and Family Planning Commission, a 
half-million-person-strong agency respon- 
sible for implementing the one-child policy. 
The quest is taking longer than expected, says 
Gu Baochang, a demographer at Renmin 
University in Beijing and former adviser to 
a Family Planning Commission minister. But 
his group has a powerful ally: empirical evi- 
dence. ““We went into the field,’ Gu says. 


Birth police 

In the 1970s, China emerged from the Cul- 
tural Revolution with the memory of fam- 
ine still acute. Poor central planning had 
helped cause food shortages, but now atten- 
tion focused on population as the culprit, 
and Chairman Mao Zedong, who had once 
encouraged large families, shifted course. 

He wasn’t alone in worrying about pop- 
ulation growth. In Western countries, too, 
public health breakthroughs and falling mor- 
tality rates had led to a fear of overpopula- 
tion, sparking a wave of neo-Malthusianism 
that culminated in the controversial 1972 
report The Limits to Growth by the Club of 
Rome, an international group of scientists. 
Doomsday projections found their way to 
China. “Developed countries spread Club 
of Rome thinking to the developing world,” 
says Liang Zhongtang, an economist at the 
Shanghai Academy of Social Sciences who 
participated in deliberations over the one- 
child policy. 

In China, neo-Malthusianism resonated 
with a government intent on boosting eco- 
nomic growth. The aim was to manipu- 
late population dynamics under the planned 
economy. China experimented with birth 
planning throughout the 1970s, when the 
government pushed a “later, longer, fewer” 
approach that encouraged Chinese to marry 
later, wait longer between children, and have 
fewer babies. As a result, according to World 
Bank estimates, the country’s total fertility 
rate declined from 5.5 in 1970 to 2.7 in 1979. 
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Serious consequences. Chinese couples’ desire to make 
their one child a son has led to sex-selective abortions, 
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countries saw similar drops without strict birth planning 
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crude birth and death rates, down to 
0.5% by 1985—a precipitously low goal 
for a young country. 

To implement the policy, the gov- 
ernment beefed up its birth planning 
infrastructure, adding thousands of 
workers and launching propaganda 
campaigns. Enforcement was flawed 
from the beginning: The central gov- 
ernment assigned stringent birth quo- 
tas to local governments but left them 
to shoulder a portion of the costs. Some 
local officials intent on meeting targets 
forced pregnant women to abort and 
sterilized men against their will. Others 
issued offending parents outrageous 
fines to recover program costs. 

The drive sparked a backlash, fueling 
discontent among peasants. It also led to 
arash of female infanticide among Chi- 
nese hoping to make their sole child a 
boy—a prelude to sex-selective abor- 
tions that later became widespread. The 
central government responded in 1984 
by issuing Document 7, which handed 
provincial governments the power to 
adapt the policy to local circumstances. 

That decentralized structure, which 
still stands, has yielded a clunky policy 
that is comparable in complexity to the 
US. tax code, says Wang. To discourage 
sex-selective abortion, many provinces 
allow rural parents whose first child is a 
girl to try again for a boy, an exception 
sometimes called the “1.5-child policy.” 
All told, there are 22 exceptions qualify- 
ing a couple for more children, ranging 
from one partner being disabled to one 
being a miner. The policy’s intricacies 
help explain, in part, why few within 
China’s scientific community tried to 
combat it for the first half of its life. Then 
in the late 1990s, a generation of young 
scholars trained abroad came of age, 


The advocacy group calls this the “golden 
age” of China’s fertility transition: a success- 
ful, moderate policy with a low impact on age 
structure and sex ratio at birth. But at the time, 
the country lacked trained demographers 
who could point to the wisdom of staying the 
course. So when missile scientists put forth 
wild projections of a population explosion 
by 2080 (see sidebar, p. 1460), policymakers 
responded with an extreme plan. 

The one-child policy was a group deci- 
sion reached under Deng Xiaoping, China’s 
paramount leader from 1978 to 1992. The 
open letter called for bringing China’s natu- 
ral growth rate, or the difference between its 
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and China finally had world-class demo- 

graphers. They began to speak up. 
China’s rapidly aging population was 
an early theme. The country has benefited 
from a “demographic dividend’—a surfeit 
of young workers born during a 1960s baby 
boom—that will dry up as China gets old 
before it gets rich. From 2010 to 2020, the 
number of Chinese aged 20 to 24 will drop by 
a whopping 45%, from 125 million to 68 mil- 
lion. “The U.S., Japan, and Europe are talk- 
ing about a pension crisis,” says Cai Yong, a 
demographer at the University of North Caro- 
lina, Chapel Hill, and a member of the advo- 
cacy group. “China’s situation is going to be 
much worse, because it will happen at a faster 
pace and with much less cushion.” 
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Other scholars turned their attention to 
the skewed sex ratio at birth. Shortly after the 
one-child policy was introduced, ultrasound 
machines became widely available across 
China, allowing pregnant women to scan 
the sex of their fetuses and abort females. 
The government outlawed sex identification 
and sex-selective abortion, but enforcement 
took a back seat to birth targets, and local 
officials often looked the other way when 
late-term pregnancies ended inexplicably. 
China’s ratio of male to female births—now 
119 boys born for every 100 girls—has been 
“really intensified by the family-planning 
policy,” says Shuzhuo Li, a demographer 
at Xi’an Jiaotong University. The gender 
imbalance is projected to yield 30 million 
more men than women by 2030, heighten- 
ing the risk of social instability. 

Such concerns spurred the advocacy 
group’s formation in 2000. The time was 
ripe for a full-scale critique. The expiration 
date laid out by the open letter was nearing, 
allowing the scholars and former officials to 
argue that by pushing for the policy’s aboli- 
tion, they were remaining true to its archi- 
tects’ original vision. But the deadline also 
led to a new question: What next? 


Baby boom time? 

The group coalesced from conversations 
among Wang, Gu, Peking University demog- 
rapher Guo Zhigang, and others. Eventually, 
their discussions turned on what would hap- 
pen demographically if the policy were lifted. 

Government leaders assumed that the 
one-child policy had avoided hundreds of 
millions of births, and that if it were relaxed it 
would lead to a baby boom that would strain 
schools, hospitals, and the future job mar- 
ket. But China’s shrinking birthrate had coin- 
cided with a rapid drop in fertility rates in 
many other developing countries. From 1970 
to 1990, World Bank data shows that China’s 
fertility rate fell from 5.5 to 2.3, Thailand’s 

. dropped from 5.6 to 
@ n| | a eC 2.1, and Brazil’s from 

: 5.0 to 2.8. The schol- 

Sciencemag-org ars suspected that the 
Podcast interview : : 
Mathcauthor one-child policy was 

Mara Hvistendahl. not primarily respon- 

sible for China’s rapid 
fertility drop. But they wanted tangible evi- 
dence, one way or the other. 

In 2001, they called together experts for a 
meeting here. Some participants objected to 
the coercion and human-rights abuses car- 
ried out in enforcing the policy. (Forced abor- 
tions had become rarer, but they still occurred 
in isolated areas.) Others worried about how 
the sex ratio at birth and lopsided age struc- 
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ture might affect the country’s stability. Still 
others believed birth planning remained nec- 
essary but that China needed to overhaul its 
existing policy. 

In the years that followed, Gu, Wang, Guo, 
and retired Family Planning Commission offi- 
cial Zhang Erli collected data from all of Chi- 
na’s 450 prefectures. Wading through the 22 
policy exceptions, they calculated how many 
couples in each prefecture were eligible to 
have more than one child. They found that the 


term “1.5-child policy” was misleading; 63% 
of couples were still restricted to one. 

A thornier question was the actual fertil- 
ity rate. China’s 1992 National Fertility Sur- 
vey found a total fertility rate for the previous 
year of 1.65 children per woman. When all the 
exceptions are taken into account, the policy 
implies a target rate of 1.47, and the 1992 fig- 
ure meant China was close to achieving that. 
But over the following decade, political incen- 
tives for concealing further declines grew, 


Of Population Projections and Projectiles 


China’s one-child policy may appear to be a case of ideology trumping science. But the policy was 
based on the projections of a 1970s missile scientist and adopted in an atmosphere of renewed faith 
in empiricism and openness to the West. 

Akey figure in the policy's adoption was Song Jian, a Soviet-trained military scientist and special- 
ist in cybernetics, or the control of machine systems. A former People’s Liberation Army soldier, Song 
was a protégé of Qian Xuesen, Mao Zedong’s trusted science adviser. Qian’s backing helped Song 
rise to an influential post in China’s Ministry of National Defense. 

From his perch in the Seventh Ministry of Machine Building, a missile laboratory, Song moved 
into the unlikely field of population analysis—in part because other Chinese scientists had been 
persecuted during the Cultural Revolution. Sociology and demography were “essentially demolished 
under Mao,” explains Susan Greenhalgh, an anthropologist at the University of California, Irvine, 
who outlines Song’s story in the book Just One Child: Science and Policy in Deng’s China. But “most 
defense scientists were able to continue working.” 

Beginning in 1970, China encouraged late marriage and childbirth spacing and asked couples 
to stop at two children. The approach was remark- 
ably effective, halving China’s birthrate over the next 
decade. However, says Greenhalgh, China’s leaders 
wanted to be on par with the industrialized world— 
by reducing the number of mouths they had to feed. 

A critical moment came in 1975, when Song 
joined a Chinese delegation to Europe. At the Uni- 
versity of Twente in Enschede, the Netherlands, he 
met Geert Jan Olsder, a specialist in differential 
game theory. Over beers at a pub, Olsder told Song 
about a series of equations he had developed to con- 
trol population on a fictional island. The key variable, 
calculated per time unit, was number of births. “He 
immediately became enthusiastic,” recalls Olsder, 
who says his equations were theoretical. Olsder gave Song a paper explaining the equations, Popu- 
lation Planning: a Distributed Time Optimal Control Problem. 

Song put the methods of Olsder and other European mathematicians to use. By 2080, they 
predicted, China’s population would top 4 billion—a projection resting on unreliable data, says 
Greenhalgh. But it wowed Chinese leaders, propelling them toward another of the team’s progno- 
ses: that the only way to avert catastrophe was to reduce fertility to one child by 1985 and main- 
tain that level for 20 to 40 years. 

Liang Zhongtang, a Shanghai Academy of Social Sciences economist who took part in early dis- 
cussions about the one-child policy, corroborates much of Greenhalgh’s account but says she assigns 
too much importance to Song. “Many people felt the one-child policy was China’s only choice at the 
time,” says Liang, who was among the plan’s few critics in the 1970s. Song’s group provided data to 
justify the policy, Liang says, but they “weren't the ones who came up with it.” He agrees, however, 
that Song's calculations dazzled policymakers, making the policy appear to be good science. 

Song went on to become president of the Chinese Academy of Engineering. Olsder says the 
two kept in touch, last meeting in the Netherlands in 2004, but he never realized the role he 
had inadvertently played in the adoption of the one-child policy until a journalist alerted him to 
Greenhalgh’s book in 2008. -M.H. 


Population bomb maker. Missile scien- 
tist Song Jian, shown here with Geert Jan 
Olsder (right) in 2004. 


because continuing the one-child pol- 
icy rested in part ona high fertility rate. 
In recent years, even as Chinese left 
farms in droves and settled into mid- 
dle-class lifestyles, China’s reported 
total fertility rate went up—supposedly 
to account for couples who had second 
children and did not register them. In 
2009, U.N. estimates drawn from a gov- 
ernment survey listed a rate of 1.77 chil- 
dren per woman. 

By comparing official statistics with 
school registration data and other meth- 
ods of retroactively estimating births, 
Gu and colleagues determined that the 
Family Planning Commission’s fertility 
rates were inflated by an average of 25%. Chi- 
na’s actual fertility level, Gu says, is closer to 
1.5, putting it between those of countries like 
Switzerland and Canada. 

Even as they claim a high birthrate, Chi- 
nese officials argue that 3 decades of birth 
planning have avoided 400 million births—a 
number touted at last year’s climate summit 
in Copenhagen as one of China’s environ- 
mental contributions. The advocacy group 
says this figure assumes China’s fertility rate 
had stayed at its 1970 level instead of falling 
steadily over the 1970s. The actual number 
of births avoided over 30 years is closer to 
100 million, says Cai. 

The advocacy group now had evidence 
to debunk critical arguments used in defense 
of the policy: that most Chinese were no lon- 
ger subject to the policy and that it had not 
yet achieved its goal. They assumed lead- 
ers would respond to empirical reasoning. 
But the policy is “not rational,” asserts Joan 
Kaufman, a former Ford Foundation and U.N. 
Population Fund representative in China who 
has advised the group. Criticizing it is tricky, 
she warns: “They’re all operating at a certain 
amount of professional risk.” 


Overcoming inertia 
In 2004, the advocacy group distributed a 
report detailing its findings within the Fam- 
ily Planning Commission and other agen- 
cies. The document, whose 18 signatories 
included the former head of statistics for 
Shanghai’s family-planning commission, 
the vice president of the Shanghai Academy 
of Social Sciences, and seven directors of 
university demography programs, detailed 
the results of the group’s years of fact find- 
ing. Graphs depicted the aging population 
and skewed sex ratio at birth in stark detail. 
The group hoped the proposal would 
lead to experimental zones in which couples 
could have two children. Instead, the gov- 
ernment response, says Gu, was “not very 
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favorable.” Among the rebut- 
tals was that the one-child 
policy is critical to maintain- 
ing low fertility. Leaders still feared a baby 
boom. But the most vexing reaction was that 
China had spent years putting a birth plan- 
ning infrastructure in place, and scaling that 
back would prove too complicated. 

The Family Planning Commission has 
steadily broadened its mandate, so that it now 
handles issues such as the skewed sex ratio 
and aging population along with reproduc- 
tive health. “The agenda of the population 
commission is getting bigger and bigger,” 
says Susan Greenhalgh, an anthropologist at 
UC Irvine who has documented the policy- 
making process. Although this change in focus 
is ostensibly positive, it has also increased the 
commission’s power. 

As of 2005, the family-planning bureau- 
cracy had swollen to 509,000 employees, 
along with 6 million workers who help with 
implementation. Those stakeholders are 
“risk-averse,” says Wang. “They pay no cost 
for doing nothing.” For now, doing nothing 
is exactly the right policy, says Yu Xuejun, a 
commission spokesperson. “Birth planning 
cannot be turned on and off,” he says. “We 
must maintain continuity and stability.” 


Wedded to one child? 
Although bureaucratic inertia is difficult to 
combat, the advocacy group realized that 
another contention—that scaling back the 
policy would lead to a baby boom—could 
be tested. The generation born under the pol- 
icy had grown up, and an exception allowing 
couples who are themselves only children to 
have two children meant that they had more 
options than their parents. The scholars went 
back into the field in 2006, seeking to answer 
a question that now seemed critical to the pol- 
icy’s future. “Once people can have a second 
child, will they want [one]?” says Gu. 

They focused on Jiangsu, a province north 
of Shanghai that permits couples in which 
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Demographic detectives. Cai Yong and Li Yuzhu interview a woman in Jiangsu about her 
childbearing plans (far left). Advocacy group members (above, from left) Zhang Erli, Xie 
Zhenming, Guo Zhigang, Wang Feng, and Gu Baochang; their 2004 petition (right) asked 
leaders to abolish the policy. Zheng Zhenzhen (top right) led a study on how ending the 
one-child policy might affect the fertility rate in one province. 


one parent is an only child to have two chil- 
dren. That allowance made provincial family- 
planning officials keenly interested in data on 
childbearing behavior and, unlike other arms 
of the birth-planning bureaucracy, willing to 
cooperate. In six counties representing a range 
of levels of economic development, the group 
interviewed 18,638 women of childbearing 
age, asking how many children they felt were 
ideal. More than one-fourth of those surveyed 
were eligible to have two. 

The results are striking, says Zheng 
Zhenzhen, a demographer at the Chinese 
Academy of Social Sciences, who led the 
survey: “A large proportion of women do 
not intend to have a second child.” Especially 
telling were the figures for women eligible 
to have two children. That group reported an 
average ideal family size of 1.46 children, with 
a majority—55%—-saying one child is best. 

Earlier this year, the scholars returned 
to the survey area to see how many of the 
women planning to have a second child actu- 
ally did so. Only a fraction of women followed 
through. Although the results do not represent 
the nation, Zheng cautions, the study suggests 
that scaling the policy back will not spark a 
baby boom in the economically robust east. 
The top reason women gave was the very mid- 
dle-class concern that two children burdened 
family resources. Mothers would rather spend 
on education for one. 

For now, the advocacy group is nudging 
the Chinese government to unveil experimen- 
tal two-child zones and commit to later change 
once the zones prove successful. Group mem- 
bers differ on exactly what shape such reforms 
should take. Li favors a universal two-child 
policy with relaxed restrictions for groups 
now excluded by childbearing regulations in 
many provinces, like unmarried women and 
gay couples. Wang, too, advocates a two-child 
policy but stresses that it should evolve into 
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a system of free 
choice. And demog- 
rapher Zeng Yi of 
Duke University in 
Durham, North Carolina, has calculated the 
effects specific schemes would have on Chi- 
na’s birthrate, labor force, pension deficit, and 
marriage market. He favors a gradual transi- 
tion: a two-child policy with required inter- 
vals between births until 2014, when spacing 
requirements could be removed, then further 
relaxation until 2030 to 2035, when birth tar- 
gets could be lifted entirely. 

The group warns that abolishing the one- 
child policy is not a panacea. Allowing Chi- 
nese to have more children may ease the 
country’s gender imbalance, for example, but 
it won’t fix the problem, which is also tied to 
factors like inheritance—because daughters 
marry into their husbands’ families, couples 
see sons as a form of social security—and a 
high abortion rate. “The government should 
also pay attention to the pension and senior 
health care systems and to creating more gen- 
der-sensitive policies,” says Li. 

Coaxing the government to rethink the 
one-child policy is a challenge. The advocacy 
group submitted another proposal to lead- 
ers in 2009, urging that policy experimenta- 
tion begin in developed areas like Shanghai 
and Jiangsu. So far, there has been no offi- 
cial response. “In the next 5 years, there will 
be no significant changes” to the policy, says 
the commission’s Yu. But Wang claims that 
his group’s decade-long quest is having an 
impact. Government officials, he says, have 
begun soliciting outside opinion on a possi- 
ble transition. “They are discussing relaxing 
the policy,” he says. “The process is just very 
slow. For now.” —MARA HVISTENDAHL 
Mara Hvistendahl is a journalist based in the Neth- 


erlands. Her book Unnatural Selection, on sex-ratio 
imbalance in Asia, is due out in 2011. 
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€ threat of a major cholera epidemic looms over flood-stricken Pakistan. So Bhy i is \ 
anew, relatively CI cheap vaccine unlikely to make a difference? j 
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With millions of people homeless, clean drink- 
ing water in short supply, and the infrastruc- 
ture in tatters, water-borne diseases are one of 
the biggest threats in the Pakistani regions rav- 
aged by floods. Experts are particularly wor- 
ried about cholera, a disease that can cause 
explosive and lethal outbreaks. So you’d think 
this is the time to deploy the inexpensive new 
oral cholera vaccine, produced especially for 
the developing world in neighboring India by 
a company called Shantha Biotechnics. 

But you'd be wrong. 

The International Vaccine Institute (IVI) 
in Seoul, which helped develop the vaccine, 
is lobbying for production to be ramped up, 
and Shantha says it is ready to do so. But so 
far, the Pakistani government has no plans for 
a mass vaccination campaign, and the World 
Health Organization (WHO) does not advo- 
cate one. Vaccinating millions of homeless 
people would be an “extreme challenge” for 
the country’s overburdened health system, 
says WHO spokesperson Paul Garwood. One 
key problem: The vaccine requires two doses, 
given 2 weeks apart, which is nearly impossi- 
ble to do in a massive population on the move, 
says Garwood. 

The debate is just the latest in an ongo- 
ing tussle about exactly how useful the new 
vaccine, called Shanchol—and an older, 
more expensive vaccine called Dukoral—is. 
In 2008-09, WHO came under fire for not 
using vaccines to help control a massive chol- 


era outbreak in Zimbabwe. IVI Director John 
Clemens—who has worked on cholera vac- 
cines for a quarter-century—says immuniza- 
tion could have made a big difference in the 
11-month outbreak, which claimed more than 
4000 lives. But WHO and aid organizations 
say that a rapid vaccination campaign was not 
feasible in the impoverished nation. 

Even the use of Shanchol under nonemer- 
gency circumstances is debated. Developed 
for the world’s poorest, the vaccine costs only 
$3.70 for two doses. That may not be much, 
but it doesn’t make the shots a shoo-in for 
endemic countries and foreign donors. There 
are other control options, such as improving 
access to clean water, which helps prevent 
a panoply of diseases. And the cholera vac- 
cine has to compete with vaccines for other 
agents, such as pneumococcus and rotavi- 
rus, that promise more bang for the buck 
than a cholera vaccine. Even India, the only 
country where Shanchol is available on the 
private market, doesn’t have plans yet for a 
government-run vaccination campaign. “We 
are very disappointed,” says Raman Rao, 
Shantha’s vice president for R&D. 


Fast and violent 

Whether a major cholera outbreak is imminent 
in Pakistan—or already under way—is dif- 
ficult to say. More than 600,000 people have 
sought treatment for acute watery diarrhea, 
but little testing has been done to confirm the 


cause. So far, WHO has not received formal 
reports of cholera from the Pakistani govern- 
ment, says Garwood. But Zulfiqar Bhutta of 
the Aga Khan University in Karachi says his 
enteric diseases lab has found cholera in over 
50% of samples from diarrhea patients in the 
Khairpur District and has notified the govern- 
ment and WHO. 

Although it’s the massive outbreaks that 
make headlines, cholera kills many more 
people in smaller outbreaks in the more than 
50 endemic countries. Some 4000 to 6000 
deaths are reported to WHO annually, but 
most experts believe the true number is at 
least 100,000 and rising. Death from chol- 
era can be fast and violent. When it colonizes 
the gut, Vibrio cholerae produces a toxin that 
causes massive leakage of water and electro- 
lytes into the small intestine. In extreme cases, 
the resulting dehydration kills patients within 
6 hours after the first symptoms. 

Scientists started making cholera vaccines 
in the 19th century by injecting killed V chol- 
erae. But studies in the 1960s showed that 
these offered modest protection at best and 
had considerable side effects; WHO stopped 
recommending them in 1973. Since then, the 
focus has been on oral vaccines, which trig- 
ger immunity where V cholerae attacks: in 
the gut. 

Dukoral, developed in the 1970s by Jan 
Holmgren of the University of Gothenburg in 
Sweden, consists of killed Vibrio microbes, 
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Troubled water. Boys in a flooded village in Paki- 
stan search for drinking water. 


plus the so-called B-subunit, a part of the 
microbe’s toxin protein produced via recom- 
binant DNA technology. Studies have shown 
that the vaccine offers about 85% protection. 
The downside is that protection from cholera 
drops rapidly, so a booster shot is required 
every 2 years. 

Although Holmgren’s dream was to 
develop a vaccine for the developing world, 
and major phase III trials were done in slums 
in Bangladesh and with the Peruvian military, 
Dukoral has remained a “‘traveler’s vaccine” 
for people from rich countries. Its cost— 
upward of $40 in Western countries—is pro- 
hibitive in the developing world. And because 
the B-subunit easily disintegrates in the stom- 
ach, vaccinees have to swallow 150 milliliters 
of a raspberry-flavored buffer solution—an 
addition that makes the vaccine 
bulky and expensive to ship. 

In the late 1980s, Dang 
Duc Trach, then deputy direc- 
tor of the National Institute of 
Hygiene and Epidemiology in 
Hanoi, decided to make a cheap 
cholera vaccine for use in Viet- 
nam. Because the recombi- 
nant subunit was too expen- 
sive to produce, the killed cells 
alone would have to do the job, 
Trach reasoned. The Swed- 
ish government and Holmgren 
helped transfer the technology 
to Hanoi, where a company 
called VA Biotech now makes 
the vaccine. It has been given 
to about 20 million Vietnamese 
children at risk in annual campaigns. 

Initially, it wasn’t clear how well it 
worked. But in mid-1990s, IVI’s Clemens, 
then at the U.S. National Institutes of Health, 
accepted Trach’s invitation to see the pro- 
gram up close. He discovered that Trach had 
carried out a big efficacy study in 1992 that 
had never been published. “It was just sit- 
ting there in a drawer,” says Clemens. “We 
thought, we’ve got to get this into print.” The 
result was a 1997 paper in The Lancet show- 
ing that two doses of the vaccine provided 
about 66% protection. 

Shanchol is the result of Clemens’s tire- 
less efforts to reproduce the Vietnamese rec- 
ipe internationally. A team at IVI, which has 
its own lab in Seoul, refined the Vietnamese 
vaccine and adapted it to currently circulating 
strains and then transferred the technology 
to Shantha in Hyderabad. An interim analy- 
sis of a phase III trial among 70,000 people 
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in Calcutta, published last year, showed that 
Shanchol protects as well as the Vietnamese 
vaccine. India’s regulatory agency approved 
the vaccine last year, and it has been submit- 
ted for approval to WHO; that would open 
the doors to use in many other countries. 

For the current crisis in Pakistan, Shantha’s 
parent company, Sanofi Aventis in France, 
has offered 74,000 doses for free. But with 
millions of people at risk, that’s a drop in a 
bucket, says Claire-Lise Chaignat, head of 
WHO’s Global Task Force on Cholera Con- 
trol; ethical decisions about who gets the 
vaccine will be tricky, she says. And emer- 
gency vaccination campaigns can be very 
difficult, she adds: After the 2004 tsunami, 
a campaign to vaccinate people in the Indo- 
nesian province of Aceh with Dukoral took 
6 months—4 months longer than planned— 
and cost more than $8 per person, not count- 
ing the cost of the vaccine itself. 


Disease of poverty. Cholera—reported in these areas between 2007 and 2009— 
strikes primarily people without access to clean drinking water and sanitation. 


But Clemens says Aceh was an extreme 
case and that vaccination in Pakistan would 
be easier. “I would love for WHO to set up 
an emergency meeting of experts to come 
up with vaccination strategies,” he says. 
Not vaccinating in cholera hot spots is a 
“high-risk gamble,” adds Bhutta, who’s also 
a member of WHO’s Strategic Advisory 
Group of Experts on Immunization. 


Competition 

Using the vaccine in regular vaccination cam- 
paigns—without the chaos of war or natu- 
ral disasters—is far easier, but even then, 
researchers would need to prove that Shanchol 
is worth the money. Cholera is notoriously 
unpredictable, and in many endemic coun- 
tries, the annual number of cases is too low to 
warrant mass vaccination. Moreover, govern- 
ments and donors need to spend their money 
wisely, and drilling wells to improve the water 
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supply or providing people with filtering sys- 
tems at home may prevent more cases at the 
same cost and protect against other diseases 
as well. 

To help make the case for Shanchol, IVI 
has hired economist Dale Whittington of the 
University of North Carolina, Chapel Hill, 
to perform cost-benefit analyses. In a paper 
last year, Whittington compared vaccination 
scenarios in cities in Bangladesh, Indonesia, 
India, and Mozambique. He found that in 
most instances, vaccination would be “cost 
effective” under the arbitrary but often-used 
criterion that the cost of every life-year saved 
is less than three times the gross domestic 
product per capita in that country. 

The analyses are based on complex mod- 
els, however, and small changes in the under- 
lying assumptions can make a big difference. 
One reason the vaccine does well in the anal- 
yses is that researchers believe there is a big 
“herd immunity” effect: From 
a reanalysis of the 1980s study 
of Dukoral in Bangladesh, 
researchers concluded in 2005 
that even if only half of the 
population gets vaccinated, the 
total number of cases drops by 
93%. Whether this will hold up 
in other parts of the world is an 
open question, however. 

What’s more, Shanchol has 
to compete for donor and coun- 
try support with new vaccines 
against several other diseases. 
The Global Alliance for Vac- 
cines and Immunisation, for 
instance, has decided not to 
fund cholera vaccines until at 
least 2013, choosing to focus 
instead on new vaccines against pneumo- 
coccus and rotavirus—two major childhood 
killers—which it expects to be a better invest- 
ment. Other donors have yet to step forward. 

What the world really needs is a good one- 
dose vaccine, says Chaignat. IVI and Shantha 
hope to start a trial in Calcutta next year to see 
if Shanchol offers reasonable protection after 
just a single dose. IVIis also working on a new 
vaccine candidate, called Peru-15, which con- 
sists not of killed but of live, weakened Vibrio. 
But it could easily be another decade before it 
hits the market, says Clemens. “We can’t let 
the perfect be the enemy of the good.” 

Still, he says he’s not discouraged by the 
lack of enthusiasm for the current vaccines. 
“T’ve been working on this for 25 years, and 
I have seen several situations where these 
vaccines could have been used,” Clemens 
says. “I have become a patient man. I think it 
will happen.” —MARTIN ENSERINK 
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Score One for Hunting at Olduvai 


Many anthropologists think meat eating was 
essential for the evolution of bigger human 
brains (Science, 15 June 2007, p. 1558). But 
were early humans mighty hunters, or did 
they get their pound of flesh from scaveng- 
ing carcasses left behind by carnivores such 
as hyenas? The answer has implications for 
everything from our ancestors’ subsistence 
strategies to their social structure. 

Louis Leakey, who with his wife, Mary, 
excavated Tanzania’s fossil-rich Olduvai 
Gorge in the 1950s and ’60s, concluded from 
finds of human and animal bones closely 
associated with stone tools that hominins had 
been active hunters there at least 1.8 million 
years ago. But beginning in the late 1970s, 
other scientists began to argue that the pat- 


terns of cut marks and tooth marks on the ani- 
mal bones were more consistent with scav- 
enging (Science, 25 May 1984, p. 861). 

The argument is far from settled. Over 
the past several years, two teams currently 
working at Olduvai, one led by prehisto- 
rian Manuel Dominguez-Rodrigo of Com- 
plutense University of Madrid and the other 
by anthropologist Robert Blumenschine 
of Rutgers University in New Brunswick, 
New Jersey, have sparred in journals over 
the issue. In Paris, the hunting partisans, 
led by Dominguez-Rodrigo, fired their lat- 
est salvo. 

Dominguez-Rodrigo presented evidence 
from a 1.3-million-year-old Olduvai site 
called BK—which was explored but not fully 
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Hunting haven? Cut marks on 
animal bones (inset) suggest 
that Olduvai Gorge hominins 
weren't scavengers. 


excavated by the Leakeys— 
that, he says, argues against 
the scavenging hypothesis. 
Adding new data to an argu- 
ment presented in the Jour- 
nal of Human Evolution (JHE) last year, 
Dominguez-Rodrigo reported an analysis 
of more than 1000 pieces of animal bone 
from four hominin occupation layers at BK, 
including the remains of about 30 wild cattle 
from the genus Pelorovis and two Sivathe- 
rium, a large ruminant related to the giraffe. 
Both of these now-extinct animals weighed 
at least 400 kilograms. The team found 181 
bones with cut marks apparently made by 
hominins and 172 percussion marks from 
hammering on the bones with stones or 
other objects, but only 45 carnivore tooth 
marks. Moreover, Dominguez-Rodrigo said 
at the meeting, the cut marks, especially on 
the cattle, were all over the animals’ bod- 
ies, suggesting that the carcasses had been 
butchered whole by hominins at the BK site. 
If they had been scavenged, only the meati- 
est parts of the carcasses would have been 
transported to BK from carnivore kills far- 
ther away. “We are finding cut marks in ana- 
tomical areas that should not be found if 
hominins had only secondary access to the 
remains,” Dominguez-Rodrigo said. 


Burying Man's Best 
Friend, With Honor 


Dogs are famously loyal to their masters, and 
many dog owners repay this loyalty by bury- 
ing their pets carefully in backyards or in pet 
cemeteries. According to the first-ever sys- 
tematic literature survey of dog burials, this 
practice may have roots deep in prehistory. In 
a talk greeted enthusiastically, graduate stu- 
dent Angela Perri of Durham University in 
the United Kingdom suggested that the prac- 
tice might be correlated with the use of dogs 
as hunting partners when the world warmed 
in the post-Ice Age Holocene period about 
10,000 years ago. 

Researchers have debated just when dogs 
were domesticated, but most agree that it 
had happened by 14,000 years ago. Yet the 
earliest dog burials are dated only to about 


9000 years ago, at least a millennium after 
the Holocene began. So far Perri has identi- 
fied more than 400 sites that comprise a total 
of more than 1200 reported dog burials. To 
be sure that she counts only instances when 
dogs were given special treatment in their 
own right and weren’t incidental to human 
internments, Perri is considering only “pri- 
mary” burials, during which dogs were bur- 
ied separately from humans or other animals. 
For example, at the famous 7000-year-old 
site of Skateholm in Sweden, hunter-gath- 
erers dug a pit and arranged a dog in it on 
its side (see photo); there were several such 
burials at that site. 

So far Perri has come up with 263 cases, 
all clustered in three geographic areas: the 
southern United States, northern Europe, 
and Japan. In each area, Perri said at the 
meeting, primary dog burials came to an end 
in prehistory once agriculture was adopted, 


even though farming appeared at different 
times in each region. Perri is now exploring 
the hypothesis that dogs gained special sta- 
tus as hunting partners when forests in these 
areas expanded in the Holocene warmth, and 


Top dog. Prehistoric hunter-gatherers at Skate- 
holm in Sweden buried their canines carefully. 
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As for who was doing the hunting, 
Dominguez-Rodrigo said that during the 
2010 field season the team found some skel- 
etal remains tentatively identified as Homo 
ergaster, the African version of H. erectus. 
How the BK hominins, who were armed with 
stone tools such as flakes, handaxes, and 
hammerstones, hunted these imposing beasts 
is unclear, but Dominguez-Rodrigo noted that 
they might have cornered the animals rather 
than chased them across the landscape. And 
he suggested that by 1.3 million years ago, 
cultural and demographic changes, such as 
larger social groups, might have enhanced 
their ability to hunt larger animals. 

Sabine Gaudzinski-Windheuser, an 
archaeozoologist at Johannes Gutenberg 
University in Mainz, Germany, says that 
Dominguez-Rodrigo made a “convinc- 
ing case” that hominins did indeed hunt at 
Olduvai. Scavenging proponents were not at 
the meeting, including Blumenschine, who was 
in the field and could not be reached for com- 
ment. But anthropologist James O’Connell 
of the University of Utah in Salt Lake City— 
who has debated the issue with Dominguez- 
Rodrigo in the pages of JHE—told Science 
he’s not persuaded by the new bone analy- 
ses. He says they do not rule out “aggressive 
scavenging,” in which hominins chase off the 
predators that killed a large animal and take 
the carcass. Living hunter-gatherers, such as 
the Hadza people of Tanzania, acquired much 
of their meat in just this way, he notes, citing 
studies by him and others. The debate is likely 
to go on as new data accumulate; Dominguez- 
Rodrigo said his team will continue digging at 
BK “for quite a few years.” -M.B. 


forest prey became available to their hunter- 
gatherer masters. But when hunter-gatherers 
turned to farming, the role of the dog might 
have been downgraded or shifted. 

Although Perri stressed that her work 
is preliminary, she was peppered with 
queries about various burials during the 
question-and-answer session and mobbed by 
researchers wanting to talk after she stepped 
down. “It is very interesting that no one has 
seen this pattern or suggested this hypoth- 
esis before now,” says archaeologist Virginia 
Butler of Portland State University in Ore- 
gon. “It is a great example of [archaeolog- 
ical] records ... staring us in the face, but 
we simply didn’t put all the pieces together.” 
Butler adds that if the geographic pattern 
holds up, climate change and human adap- 
tations to it, rather than local cultural prac- 
tices, might explain the rise and fall of dog 
burials in prehistory. —-M.B. 
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In a Cold Snap, Farmers Turned to Milk 


Today, the threat of global warming hangs 
over humanity and our planet, but prehis- 
toric humans often faced the opposite prob- 
lem: global cooling (Science, 22 January, 
p. 404). One much-discussed climate event 
took place about 8200 years ago, when a sud- 
den shift of North Atlantic currents plunged 
the Northern Hemisphere into a short cold 
and dry spell. Many researchers have argued 
that this so-called 8200 B.P. event affected 
cultures around the globe, in different ways 
depending on locale. 

But the evidence has not been clear- 
cut, and archaeologists have long debated 
the role of climate, in part because few 
sites offer a continuous record before and 
after 8200 B.P. At the meeting, archaeolo- 
gist Anna Russell of Leiden University in 
the Netherlands presented what is perhaps 
the best case yet for the cold snap’s effect 
on human activity, finding a marked shift 
in how farmers at a site in northern Syria 
exploited animals after 8200 B.P. 

The 8200 B.P. event was short-lived— 
perhaps no more than 200 years—but it 
shows up in Greenland ice cores and other 
proxy indicators of climate change, lowering 
winter temperatures an estimated 2° to 4°C 
and triggering aridity throughout the North- 
ern Hemisphere. In the Near East, where 
agriculture was getting started, archaeolo- 
gists have found tantalizing suggestions of 
the event’s impact: New farming sites sprout 
in central Turkey, although they are rela- 
tively small, and on Cyprus farming disap- 
pears entirely for a millennium. Meanwhile, 
farmers began for the first time to move into 
southeastern Europe, possibly seeking more 
favorable conditions. 

To explore the event’s effects, Russell 
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analyzed 15,000 animal bones from the 
early farming site of Tell Sabi Abyad, where 
Leiden archaeologist Peter Akkermans leads 
excavations. The site was occupied between 
about 8900 and 7300 years ago and is one of 
the few to fully straddle the event. 

Russell said at the meeting that after 
8200 B.P., pig farming, which had been a 
major source of subsistence, gave way to 
cattle raising, and the number of domesti- 
cated sheep and goats rose. In addition, milk 
products—detected by traces of lipids in pot- 
tery—suddenly showed up in the archaeolog- 
ical record, and the number of spindles, used 
to spin animal fibers into textiles, increased 
as well. The people apparently began to rely 
more on so-called secondary products, such 
as milk and textiles, which can be stored lon- 
ger and might have helped them cope in a 
time of climatic stress, Russell said. 

She pointed out that a few other Neolithic 
sites in the Near East also show changes in 
subsistence around 8200 B.P. At Catalhdyiik 
in Turkey, for example, residents apparently 
abandoned one settlement and founded a 
smaller, less dense one across a river. 

Archaeobiologist Melinda Zeder of the 
Smithsonian National Museum of Natural 
History in Washington, D.C., cautions that 
the 8200 B.P. event may have been one of 
a “wide range of factors”—including possi- 
bly increased social stratification—that led 
to changes in animal use. But archaeologist 
Virginia Butler of Portland State Univer- 
sity in Oregon says that although she agrees 
that “correlation is not causation,” Russell’s 
talk was “a great example of trying to link 
changes in the faunal record to a known 
global [climate] event.” 

—-MICHAEL BALTER 
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Battling the Paper Glut 


THE ACADEMIC COMMUNITY CONTINUES TO BELIEVE THAT THE FORMAL SCHOLARLY PUBLISHING 
process separates sound research from shoddy or biased counterparts. Unfortunately, scholarly 
publishing may not be able to effectively fulfill its role as a gatekeeper much longer. 

As soon as the “publish or perish” concept (the imperative to publish work constantly to 
further or sustain an academic career) surfaced in the United States in the early 1950s, academ- 
ics criticized it openly as a recipe for disaster (/, 2). Nevertheless, in the early to mid-1980s, 
administrators in universities systematically began to use the number of articles published per 
year by individual faculty members as a measure of their productivity. 

The shift transformed scholarly publishing. Researchers began “salami slicing” their manu- 
scripts in ever smaller “least publishable units” and began rushing manuscripts to publication 
before proper replication or evaluation of results. Multi-authored manuscripts increased, regard- 
less of true contribution to the work. Doc- 
toral students began to write dissertations 
as a series of publishable chapters, some 
submitted even before the defense. As a 
result, the quantity of articles published 
in scholarly journals increased on aver- 
age by about 200 to 300% from the early 
1980s to the late 1990s (3). 

Researchers in countries such as 
China and India are subjected to a num- 


“4 bers game similar to that in the West, 

: sometimes with the added incentive of 

~ A " monetary rewards for articles published 
dy 4 in “top” journals. In 2008, China passed 


the United States to become the second 
~ scholarly producer (in total number of 
articles) after Europe. 

Researchers have reacted to this publication glut by developing bibliometric indices, such as 
the h- and g-indexes, based on citation counts, to evaluate a researcher’s impact in their disci- 
pline. Perhaps these indexes do evaluate impact better than counting annual number of articles. 
However, in various ways, they also encourage researchers to publish more articles to directly 
inflate their own citations or to cite friends who then cite them in return. 

The top journals now are flooded with numbers of manuscripts beyond most editors’ capac- 
ity to handle. Reviewers are solicited to scrutinize not just manuscripts but also research pro- 
posals and governmental reports. Yet, peer-reviewing is rarely, if ever, valued by academic 
institutions as a fruitful way for researchers to spend their time, so finding good reviewers has 
become more and more difficult. 

Researchers need to fight to contain the current paper glut. The number of articles pub- 
lished per year should never be used, under any circumstance, as a criterion in tenure or promo- 
tion decisions, or to rank academic institutions. As the medical community proposed 25 years 
ago (4), researchers should never be allowed to include more than three publications per year 
in activity reports; in research proposals, principal investigators should cite no more than 10 
papers. University administrators should consider peer-reviewing as not only legitimate, but a 
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vitally important way for researchers to con- 
tribute to scholarship, and should reward it as 
such. One way to accomplish this would be 
a new generation of review impact indexes, 
based on information provided by publishers 
(3, 5). Effectiveness in peer-reviewing should 
be viewed as an essential skill to acquire for 
Ph.D. students, worldwide. Journals should 
demand that for every paper submitted, an 
author provide three reviews of other man- 
uscripts. Perhaps if authors knew that their 
reviewing workload would increase dramati- 
cally with the number of papers they submit, 
they would craft fewer and better papers, ulti- 
mately benefiting all involved. 

DONALD SIEGEL** AND PHILIPPE BAVEYE? 
‘Department of Earth Sciences, Syracuse University, Syra- 


cuse, NY 13244, USA. 2SIMBIOS Centre, Abertay University, 
Dundee DD1 1HG, UK. 
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disiegel@syr.edu 
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India’s Courteous Creativity 


IN HIS EDITORIAL “IRREVERENCE AND INDIAN 
science” (30 April, p. 547), R. A. Mashelkar 
observes that Indian science lacks adventure 
and a spirit of questioning established ideas. 
He suggests that the situation has deep roots 
in Indian culture and tradition. 

I disagree. Creativity can and does exist 
in a society that values decorum over irrev- 
erence, such as India. In fact, a healthy skep- 
ticism, an ability to be introspective, and an 
urge to revisit and reexamine existing ideas 
have always been part of India’s intellectual 
tradition. Take, for example, literary works 
known as bhashyas, which are commen- 
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taries or interpretations of classical works. 
Bhashyas contain interpretations from oppos- 
ing perspectives by different commentators. 
The body of work, collectively known as 
Upanishads, is considered by many to be a col- 
laborative exploration of knowledge by stu- 
dent and teacher. In a culture that usually gives 
an exalted position to the teacher, questioning 
authority is permissible, albeit with decorum. 
Ideally, education should strike a balance 
between sound training in the fundamentals 
and motivation to critically question those 
fundamentals in order to advance knowledge. 
C. V. Raman (who discovered the Raman 
effect), Megnad Saha (distinguished astro- 
physicist), and Jagdish Chandra Bose and 
Satyen Bose (both renowned physicists), who 
functioned during the Indian colonial rule, 
were not only well trained in the fundamen- 
tals of science but also capable of questioning 
established ideas. It is not clear that the lack 
of an adventurous spirit in modern Indian 
science, or for that matter, in the humanities 
and the social sciences, can be readily attrib- 
uted to India’s cultural roots. 
T. N. NARASIMHAN 
Department of Materials Science and Engineering, Uni- 


versity of California at Berkeley, Berkeley, CA 94720-1760, 
USA. E-mail: tnnarasimhan@LBL.gov 


Archaeology Augments 
Tibet's Genetic History 


T. S. SIMONSON ET AL. (“GENETIC EVIDENCE 
for high-altitude adaptation in Tibet,’ Reports, 
2 July, p. 72) and especially X. Yi ef al. 
(“Sequencing of 50 human exomes reveals 
adaptation to high altitude,’ Reports, 2 July, 
p. 75) estimate that the genetic divergence 
of Tibetan populations with unique high- 
altitude adaptations occurred as late as ~2750 
years ago. We have investigated this same 
problem from an archaeological perspec- 
tive. Our results partly support the genetic- 
based scenario but suggest some contradic- 
tions between the two data sets. We currently 
have no evidence of permanent occupations 
on the Qinghai-Tibet Plateau before the 
middle Holocene, ~7000 years before the 
present (yr B.P.) (/), contrary to claims of 
occupations as old as 30,000 yr B.P. (2, 3). 
Mobile foragers did exploit the Plateau mar- 
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gins up to 3300 m by ~15,000 yr B.P. (4). 
Directly dated sites documenting human 
presence above 4000 m are younger still, at 


live, then more complex population dynam- 
ics are indicated. Understanding the archaeo- 
logical chronology behind the peopling of the 
Qinghai-Tibet Plateau is critical to evaluating 
the tempo of selection operating on contem- 
porary human populations. 
P. JEFFREY BRANTINGHAM,** DAVID RHODE,? 
DAVID B. MADSEN? 
‘Department of Anthropology, University of California, Los 
Angeles, Los Angeles, CA 90095, USA. “Desert Research 
Institute, Reno, NV 89512, USA. 3Texas Archaeological 


Research Laboratory, University of Texas at Austin, Austin, 
TX 78758, USA. 


~11,000 to 8000 yr B.P. (7). These early sites 
represent intermittent, seasonal occupations 
by populations who most likely spent much 
of their time at lower elevations. Foragers may 
have established more permanent occupa- 
tions on the Plateau margins as high as 3300 
m after ~7000 yr B.P. (5—7), but these groups es 
interacted extensively with agricultural pop- 3 
ulations in low-elevation environments. 
Year-round occupation above 4000 m likely 
became possible only after 4000 yr B.P. with 
the emergence of dedicated pastoralist adap- 
tations centered on domesticated yaks (6, 8). 6. D. Rhode et al., J. Archaeol. Sci. 34, 600 (2007). 

; . : 7. D. Rhode et al., Quat. Int. 218, 29 (2010). 
If the genetic traits suggested by Simonson e¢ 8. R.K. Flad, J. Yuan, S. C. Li, in Human Adaptaton to 
al. and Yi et al. evolved in response to selec- Climate Change in Arid China, D. B. Madsen, F. H. Chen, 
tion on populations living exclusively above X. Gao, Eds. (Elsevier, Amsterdam, 2007), pp. 167-203. 
4000 m, then the genetic divergence dates 
of ~2750 yr B.P. reasonably agrees with the 
archaeological evidence. If selection for these 
traits occurred among populations below 
4000 m (2), where most Tibetans currently 
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WE THANK BRANTINGHAM £7 AL. FOR THEIR 
interest in our study; we agree that both molec- 
ular and archaeological evidence should be 


CORRECTIONS AND CLARIFICATIONS 


News Focus: “From pigs to people: The emergence of a new superbug” by D. Ferber (27 August, p. 1010). Tara Smith’s affili- 
ation is the University of lowa in lowa City. 


Reports: “Down-regulation of a host microRNA by a Herpesvirus saimiri noncoding RNA" by D. Cazalla et al. (18 June, 
p. 1563). The third author should have been listed as Joan A. Steitz. The correction has been made in the HTML version online. 


Reports: “Evolution of an expanded sex-determining locus in Volvox” by P. Ferris et al. (16 April, p. 351). The legend for 
figure $12 (Alternative splicing of female and male MAT3) in the Supporting Online Material should include the citation 

A. Kianianmomeni et al., Plant Cell 20, 2399 (2008), which reported two instances of unregulated intron retention (corre- 
sponding to E1_3.3, E3_5.4) and one instance of unregulated alternative splice site usage (corresponding to E13_16.5) in 
female MAT3. A revised Supporting Online Material has been posted online at www.sciencemag.org/cgi/content/full/328/5976/ 
351/D(1. 


Reports: “N-doping of graphene through electrothermal reactions with ammonia” by X. Wang et al. (8 May 2009, p. 768). 
After publication, the authors discovered that the graphene sheet (GS) sample used to take the x-ray photoelectron spec- 
troscopy (XPS) and nanometer-scale secondary ion mass spectroscopy data in Fig. 4 was unintentionally oxidized by air 
from a leak that had not been detected during the experiment. The NH, annealing environment for the GS sample in Fig. 4 
should be corrected to ~800 mtorr of NH, and an estimated partial pressure of oxygen of tens of millitorr. 


Later, the authors found that as-made GSs annealed in NH, without any oxygen showed little n-doping within the detec- 
tion limit of XPS, which is much lower than the doping level for the gas-phase—oxidized GS in Fig. 4. In a systematic study, 
they used XPS to observe n-doping and covalent N incorporation into the lattice of pre-oxidized GSs upon annealing in 
NH, IX. Lietal., J. Am. Chem. Soc. 131, 15939 (2009)]. They found that graphene oxide (with reduced oxidation and 
defect densities by stepwise thermal treatment) showed reduced n-doping levels upon NH, annealing [X. Li et al., J. Am. 
Chem. Soc. 131, 15939 (2009)], suggesting that the degree of n-doping scales with the degree of oxidation or concen- 
tration of defects in the graphene lattice. 


The above findings are consistent with each other and do not change the main conclusions of the original publication— 

i.e., that annealing of graphene in NH, affords n-doping most likely at the edges and defect sites. The sample in Fig. 4 with 
unintended oxidation showed higher N signals than later samples without oxidation after similar NH, annealing, because 
gas-phase oxidation generated more defects and oxygen groups in the GS and increased its reactivity, allowing for large 
amounts of n-dopants to be incorporated into the GS. This finding is consistent with the authors’ original suggestion and also 
shows that a higher defect density in graphene introduced by gas-phase oxidation allows for higher n-doping. 
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used to understand the demographic history 
of the Tibetan people. Our Report focused 
not on the demographic history of the Tibetan 
population, but rather the selection acting on 
specific putatively adaptive mutations segre- 
gating in the Tibetan population. We included 
some limited demographic analyses because 
they helped illuminate our results regard- 
ing natural selection. The real demographic 
model is clearly likely to be more complex 
than the simple models of two populations 
diverging from each other. For example, Zhao 
et al. (1) used mitochondrial DNA to argue 
that late settlers of the Tibetan plateau may 
not have entirely replaced the original popula- 
tion but that a small proportion of them carry 
mitochondrial DNA lineages tracing back to 
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Late Paleolithic inhabitants on the plateau. If 
this is the case, even if the EPAS1 variant was 
present in the early inhabitants of Tibet, strong 
selection would be needed to increase its fre- 
quency in the modern Tibetan gene pool. The 
understanding that the majority of the current 
population of the Tibetan plateau may trace 
their genetic ancestry back to quite recent 
immigrants into Tibet, even though humans 
have lived in Tibet for a much longer time— 
possibly with some continuity of culture—is 
important for understanding the difference 
between inferences based on archaeology and 
inferences based on genetics. 
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PSYCHOLOGY 


Performance Sapped by Stereotypes 


William von Hippel 


s a reader of Science, you probably 
A= yourself as intellectually curi- 

ous and nonviolent. But what if oth- 
ers didn’t see you that way? What if people 
doubted your intellectual capacity and were 
visibly anxious in your presence? How would 
you cope with this situation and what effect 
might it have on you? This is the problem that 
Brent Staples faced as a young African-Amer- 
ican graduate student, when he noticed that 
people were afraid of him as he passed them 
on the street at night in Chicago’s Hyde Park. 
Staples learned to escape this stereotype by 
whistling Vivaldi, a strategy that put passersby 
at ease and inspired the title of Claude Steele’s 
new book on how stereotypes affect us. 

In Whistling Vivaldi, Steele (a social psy- 
chologist at Columbia University) describes 
the groundbreaking work that he and his col- 
leagues conducted over the past 20 years on 
stereotype threat, the psychological threat 
of confirming or being reduced to a nega- 
tive stereotype. Empirical work on this topic 
began when Steele and Steve Spencer found 
that they could dramatically improve wom- 
en’s math scores simply by telling them that 
the test they were about to take shows no 
gender differences in performance [research 
described in (/)]. Steele and Joshua Aronson 
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The Field Guide to Fields: Hidden Treasures 
of Meadows, Prairies, and Pastures. Bill Laws. 
National Geographic, Washington, DC, 2010. 
224 pp. Paper, $21.95, C$26.95. ISBN 9781426 
205088. Fields. HarperCollins, London. £15.99. 
ISBN 9780007358199. Collins Field Guide. 
Despite the title, this is not a field guide—the 
identification sections cover only a small, 
eclectic sample of flora and fauna. Instead, 
Laws celebrates the natural and human histories 
of rural landscapes where crops and animals 
have been (and are) raised. Rice paddies, water 
meadows, paddocks, vineyards, and plains of 
grain are among the pastoral scenes he offers 
armchair travelers while weaving aspects of 
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culture, food, and folklore into the text. The artwork includes 25 expressive, full-page, woodcut- 
style illustrations, such as this depiction of a traditional ridge-and-furrow field. 


then went on to show that the performance of 
black students could be similarly improved if 
they were told that a test was not a measure 
of intellectual achievement 
(2). Indeed, Steele and Aron- 
son also found that African 
Americans performed more 
poorly on a challenging ver- 
bal test if they were first asked 
to indicate their race, thereby 
highlighting their stereotyped 
identity. This result was later 
extended by Margaret Shih 
and her colleagues, who found 
that Asian-American women did worse on a 
math test after indicating their gender but bet- 
ter after indicating their race (3). 

As Steele takes pains to note, two sur- 
prising facts about stereotype threat are that 
members of any group can experience it and 
that there need not be a prejudiced perpetrator 
to cause it. Rather, it can be set off by subtle 
environmental cues, such as seeing very few 
members of one’s own group in a performance 
setting. Steele describes feeling stereotype 
threat himself when in a Silicon Valley work- 
place where everyone else was twenty-some- 
thing. The environment exuded youth through 
the music people played and the bicycles hung 
over the work cubicles, and these cues were 
enough to make Steele feel old and out of 
place. If Steele were employed in this setting, 
research on stereotype threat suggests that 


Whistling Vivaldi 

And Other Clues to How 
Stereotypes Affect Us 
by Claude M. Steele 


Norton, New York, 2010. 
256 pp. $25.95, C$32.50. 
ISBN 9780393062496. 


BOOK A 


his concerns about being stereotyped would 
likely consume valuable cognitive resources, 
resulting in poorer job performance. 

As this example from the book indicates, 
people need only worry that others might ste- 
reotype them, and this worry alone can dis- 
rupt performance, despite (and sometimes 
because of) extraordinary efforts to prove the 
stereotype wrong. This worry can also lead 
to long-term disengagement 
from stereotyped domains, as 
people tire of the Sisyphean 
task of continuously trying to 
prove that the stereotypes don’t 
apply to them. 

Superbly written and engag- 
ing, Whistling Vivaldi presents 
research on stereotype threat in 
the form of an historical narra- 
tive. Readers need no scientific 
expertise to follow the story, and those who are 
already familiar with the research are likely to 
be intrigued by the events, ideas, and people 
that influenced theory development and exper- 
imentation. Despite the book’s focus on the 
negative consequences of feeling stereotyped, 
Steele remains optimistic in his emphasis on 
how stereotype threat can be ameliorated. 
For example, he describes an intervention by 
Geoffrey Cohen and his colleagues in which 
students in racially integrated seventh-grade 
classrooms were randomly assigned to either 
reflect on their important values or discuss val- 
ues that another person might find important 
(4). This former process, known as self-affir- 
mation and based on Steele’s earlier research 
(5), reduces the impact of a variety of differ- 
ent types of psychological threats. Cohen and 
colleagues thought that self-affirmation might 
ameliorate the stereotype threat experienced 
by African Americans in the classroom. Con- 
sistent with their reasoning, this brief affirma- 
tion reduced the gap between black and white 
students by 40% over the course of the term, 
and the benefit of this intervention was still 
apparent two years later. 

In this sense, Whistling Vivaldi is a social 
scientist’s dream, as the book demonstrates 
how slight changes in an individual’s situation 
or experience can lead to dramatic reductions 
in the magnitude of various group differences 
that were (and often still are) portrayed as 
largely genetic and biological. Indeed, a recent 
meta-analysis (6) reveals that stereotype threat 
depresses the performance of women and 
minorities by more than a third of a standard 
deviation when they take difficult tests like the 
SAT—that’s over 40 points on each section of 
a test that can determine admission or rejec- 
tion at some of the most selective universities 
in the United States. Prior to Steele’s theorizing 
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and experimentation, none of us would have 
guessed that such small differences in instruc- 
tion or setting could lead to such dramatic 
effects on performance. 
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TECHNOLOGY 


What Would A. G. Bell 
Say Now? 


Marc Lavine 


ture, technologies and devices are often 

invented in order to solve a problem that 
might otherwise detract from the storytell- 
ing, such as the need to move an object or 
a piece of information quickly from one 
place to another. Examples include 
the transporter and tricorder from 
Star Trek to the two-way wrist 
radio and two-way wrist 
TV of Dick Tracy fame. 
Although the instantaneous 
transporting of a person 
may not be realized soon, 
small-scale sensing, analy- 
sis, and communication are 
now commonplace. 

Advances in technology also 
come about to solve real problems 
or in anticipation of future needs. 
The evolution of technology is not uni- 
directional, as new capabilities allow for the 
creation of new markets. Following on from 
workshops held with researchers from the 
University of Cambridge, Nokia, and Hel- 
sinki University of Technology, editors Tapani 
Ryhanen, Mikko Uusitalo, Olli Ikkala, and 
Asta Karkkainen offer a vision of how nan- 
otechnology will be used to create future 
mobile devices. This may seem like a recipe 
for a dry, academic text, but Nanotechnolo- 
gies for Future Mobile Devices more broadly 
explores the impact of new technologies and 
devices on manufacturing approaches, value 


[: fictional or science-fictional litera- 


networks, innovation models, 
and the broader society. Our 
ability to connect with individ- 
uals across the planet at close 
to light speed has made the 
world both larger and smaller 
at the same time. 

The volume starts with a 
vision of the growing inter- 
connectedness of the world 
as seen by Ryhdnen, Uus- 
italo, and Karkkdainen (all 
of whom are at the Nokia Research Center, 
Helsinki). Even though the picture they paint 
is highly idealized, one can see how the needs 
of an aging population or the desires for an 
immersive three-dimensional virtual envi- 
ronment will shape the way future technol- 
ogies are shaped. Beyond simple commu- 
nication devices or the ability of a doctor to 
evaluate and treat a patient remotely, there are 
possibilities such as handheld devices capa- 
ble of tracking seismic data or the presence 
of potential chemical hazards and conveying 
that information to the necessary authorities 
in real time. 

Subsequent chapters survey a number of 
promising research areas, including nano- 
composites, self-assembly, biomimicry and 
biological materials, and the development of 


Morph wrist mode. A design 
concept illustrating benefits 
of nanotechology for mobile 
communication. 


functional surfaces. Although not exhaustive, 
the chapters’ reference lists appear to contain 
the majority of key recent papers. The drive 
to new materials and fabrication technolo- 
gies is in part due to some existing methods 
and materials coming up against fundamen- 
tal limitations—particularly in the areas of 
energy and computation. Compare this with 
the areas of sensing, actuation, and commu- 
nication and display technologies, where tre- 
mendous progress continues to be made (so 
that we can be bombarded with entertain- 
ment and advertising in airports, elevators, 
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gas stations, and taxis). 

The volume’s last two 
chapters make it stand out 
from other overviews and 
reviews. The first (“Manufac- 
turing and open innovation”), 
from Tim Minshall et al. (a 
team of engineers at the Uni- 
versity of Cambridge), looks 
at changes in manufacturing 
methods and the development 
of open innovation, in which 
companies look beyond their own boundar- 
ies for methods to create, develop, and market 
new products and technologies. One might 
argue that such a distributed process of inno- 
vation already occurs to a large extent, either 
in the form of partnerships among corpora- 
tions and the world of academia or through 
the aggressive acquisition of small startup 
companies. Increasingly, one finds that these 
startups come from university research that is 
promoted into its own entity, so as to better 
mesh with the goals of the corporate world. 

The second (“Seeing beyond the hype”) 
comes from Tom Crowley, Laura Juvonen, 
and Pekka Koponen at Spinverse, a com- 
pany that commercializes and markets new 
technologies. They describe two frameworks 
for analyzing technology development: the 
S-curve (which maps the performance of a 
new technology over time) and the hype cycle 
(J), in which a trigger is followed succes- 
sively by an initial “peak of inflated expecta- 
tions,” a “trough of disillusionment,” a “slope 
of enlightenment,” and lastly the “plateau of 
productivity.” They also compare the evolu- 
tion and marketing of Internet technologies 
with the current state of nanotechnology. Any- 
one looking to develop and commercialize 
promising emergent scientific and engineer- 
ing advances—even researchers working out- 
side the core areas covered in the volume— 
will certainly find this chapter worth reading. 

To some extent, the technologies employed 
in the future are limited by our ability to 
design and manufacture the necessary 
devices. But as the fictional literature shows, 
the starting point is seeing and understanding 
a fundamental need and then working toward 
its solution. Nanotechnologies for Future 
Mobile Devices, the product of an unusual 
and productive collaboration, offers an inter- 
esting vision of our growing interconnected- 
ness and the technologies that are likely to 
change this in the future. 
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SCIENCE AND SOCIETY 


Achieving Scientific Eminence 


Within Asia 
Alice S. Huang’‘and Chris Y. H. Tan? 


ill Asia be a strong science part- 

ner in the 21st century? Our future 

depends on solving critical prob- 
lems, many of which require scientific or 
technical solutions. Asia, which contains two- 
thirds of the world’s population, should be a 
source of considerable talent for tackling these 
problems. It has the advantage of geographic 
size, a youthful population, and increasing 
wealth. Scholarly activity has been widely 
respected in Asian cultures throughout their 
history. Over 400,000 Asian students enrolled 
in U.S. universities come from Asia (/). In 
the past, many of these students remained in 
the United States, but recently an increasing 
number are returning to their homelands. In 
response, several Asian countries are attempt- 
ing to build fundamental research establish- 
ments to accommodate these returnees and to 
increase science capacity (2). 

Asian nations are extraordinarily diverse, 
from small city-states to the most popu- 
lous countries in the world. Some of these, 
most notably China, India, South Korea, 
Taiwan, Hong Kong, and Singapore, have 
greatly improved their economies and have 
begun to invest heavily in their educational 
and research institutions. Japan, one of the 
wealthiest Asian countries, has had a con- 
tinuous research establishment for more than 
a hundred years and yet is also recognizing 
the need to reform and build. Even the emer- 
gent economies of Malaysia, Thailand, Indo- 
nesia, and Vietnam aspire to build their own 
research capacity, especially in the areas of 
discovery and innovation. 

However, we sense that Asian countries 
share some aspects of mindset and culture 
that limit their aspirational reach. Here, we 
cite common problems that we think can be 
avoided or overcome. Our perspective is that 
of practicing scientists and administrators 
who have worked mostly in the West, but who 
also have an understanding of Asia’s cultures 
and rich history [e.g., C.Y.H.T. is founding 
director of Singapore’s Institute of Molecu- 
lar and Cell Biology (IMCB)] (3). We believe 
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success can be enhanced in 
each Asian country by fol- 
lowing the eight recommen- 
dations in the table. 

Asian investment in mod- 
ern fundamental science did 
not begin until roughly 25 
years ago. Unlike manufac- 
turing, which is based on low 
cost labor and materials, fun- 
damental research depends on 
the discovery of new knowl- 
edge that could lead to valu- 
able new products. After con- 
siderable investment in build- 
ings and equipment, Asian 
countries have come to appre- 
ciate that more is needed to 
build a vibrant research culture that is capable 
of world-class competitive research (4). 

In the past, there was also a lack of coop- 
eration and interaction among Asian research 
institutes, especially across national lines. 
For example, despite its developed economy, 
Japan’s science establishment had very little 
interaction with the rest of Asian science. But 
since the 1990s, with newly established ties 
developed through science, we have seen a 
spirit of camaraderie among scientists in 
Taiwan’s Institute of Molecular Biology, 
Singapore’s IMCB, Hong Kong’s University 
of Science and Technology, China’s Bei- 
jing University and Institute of Biochemis- 
try (Shanghai), Japan’s Institute of Medical 
Science at the University of Tokyo, Indo- 
nesia’s Eijkman Institute, Korea’s Seoul 
National University, Australia’s University 
of Queensland, and New Zealand’s Univer- 
sity of Otago. The recent mapping of human 
genomes in Asia was accomplished with the 
collaboration of 40 institutions throughout 
Asia (5). Also, scientists from 14 countries, 
with shared values and vision, joined to form 
an Asian-Pacific International Molecular 
Biology Network (A-IMBN; www.a-imbn. 
org/) in 1997. A-IMBN is a grassroots organi- 
zation. that may well be the beginning of pan- 
Asian partnerships among scientists through- 
out Asia, similar to the European Molecular 
Biology Organization. These unprecedented 
developments demonstrate the potential 
capabilities already building in Asia. 

Passive rote learning served China and 
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Asian countries are poised to help solve 
modern biological problems, but some 
policies and practices need reform. 


Reform rote education by teaching active learning starting with 
the very young. 


(2 } Establish a culture that rewards creative thinking and innovation. 


Provide independence for young investigators immediately after 
their training. 

Fund a large number of independent small and midsize groups to 
build a large base for innovative research. 


Nurture young scientists in an open environment that encourages 
international collaborations. 


Use the wisdom of experienced older scientists who understand the 
country’s culture to create clear career paths and astute national 
science policies. 


Establish transparent systems of competitive research funding 
based on merit. 


8) Establish a culture that insists on scientific integrity and honesty. 


India well for 3000 years. Civil servants 
were selected through tough imperial exami- 
nations based on how well they could recite 
from rote. Rote learning is entrenched and 
ingrained to this day in many areas of Asia 
(6). For example, in China and Japan, pri- 
mary school students spend hours practic- 
ing calligraphy: the proper positioning and 
writing of each word within a box. This is not 
an environment that encourages “outside- 
of-the-box” thinking. The Indian Institute of 
Technology (IIT) is legendary for conduct- 
ing rigorous entrance examinations, where 
320,000 may take the exam, and only 8000 
are accepted. But IIT may not always chal- 
lenge the exceptional student once admitted 
(7). We believe that this is also true of many 
other institutions of higher learning through- 
out Asia. To compete internationally, Asia 
must establish a culture that rewards creative 
thinking and innovation. To do so, the mind- 
set must change to promote active learning. 
But this takes time. In the interim, some of 
the best “teaching” may be via the Internet. 
But despite good Internet access, there is 
concern regarding censorship and control. 
One way for countries to increase creative 
thinking in science is to attract their own sci- 
entists who have trained abroad to return. 
Ray Wu, a professor from Cornell University, 
made an agreement with China in 1980 to 
select young graduates from China’s top uni- 
versities and send them to leading American 
universities to obtain their graduate degrees 
in biology and biochemistry. Selected stu- 
dents were put on a crash course to speak and 
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write English before they entered the United 
States. By 1989, 422 students from China 
were training for their Ph.D.’s through this 
China—United States Biochemistry Exami- 
nation and Application (CUSBEA) program 
(8). Within a decade, CUSBEA students 
changed the landscape of American research 
laboratories. For the first time, a large number 
of students from China in the United States 
were coauthors of outstanding publications 
in international journals. Many stayed in the 
United States and established excellent inde- 
pendent reputations. 

Both China and Singapore have focused on 
this group, hoping to attract them back to Asia. 
At least 30 successful CUSBEA graduates 
and other Chinese professionals in the United 
States have recently given up major professor- 
ships to return to China (9, /0). Singapore’s 
IMCB has also hired several CUSBEA grad- 
uates. Although it may be too early to judge, 
their return to Asia suggests that competitive 
scientific research may be built within a gen- 
eration when enthusiastic, well-trained young 
scientists are given the opportunity to estab- 
lish independent research programs. 

It is difficult to “leap frog” to excellence, 
however, just by writing large checks in sup- 
port of science. There are many gaps to be 
filled despite good intentions. Our observa- 
tion of science in Asia reveals a remarkable 
similarity in policy-making. Science policy is 
typically a top-down process involving senior 
politicians and civil servants. Few have sci- 
ence discovery backgrounds, and middle- 
level bureaucrats accustomed to counting 
returns on investment carry out implementa- 
tion. These individuals tend to adapt their ver- 
sion of metrics to measure productivity and 
success in science. Many Asian bureaucrats 
are finding out that scientific discovery is not 
readily quantifiable by returns on financial 
investment within their years of service. Such 
disappointments can lead to reprioritization 
of government support, interfering with and 
jeopardizing newly founded laboratories and 
often destabilizing careers. 

The present Asian research commu- 
nity can be grossly divided into a majority 
of older, local scientists, with a minority of 
younger returnees and visiting scientists from 
the West. In Singapore there is an additional 
group, a small group of senior Western scien- 
tists recruited into part-time or full-time posi- 
tions and entrusted to lead the science effort. 
Many of these expatriate scientists are well 
past retirement age. Managing these different 
groups of scientists at any one time is diffi- 
cult, especially through a top-down, decision- 
making process. 

Centralized, top-down control will con- 


tinue to affect the development of science in 
Asia. It has generated debate about whether 
“big science” is the wave of the future or 
small, independent laboratories would pro- 
vide the innovative science that is needed. 
Inherently, big science is accompanied by 
“big politics.” It is easier to sell big science 
not only because it is fashionable, but also 
because of its many easily measureable tan- 
gibles, such as modern buildings and expen- 
sive hardware. It would be alarming if Asia’s 
newfound wealth goes largely to support big 
science because large facilities, instruments, 
and popular trends wear out and the rapid 
pace of discovery renders them obsolete. 
Worse, it reduces the base of innovations 
that Asia desperately needs to expand. 

In Singapore, the debate is whether it is 
wiser to depend on established, Western 
senior scientists to lead (//) or better to grow 
a science leadership with younger returnees. 
A balance is needed, although we believe that 
younger returnees should be given the lead (3, 
12, 13). Senior scientists, with their breadth 
of experience, provide the perspective needed 
for internal policy development and mentor- 
ing of young scientists. But young research- 
ers in their prime are a better bet for innova- 
tion. They are likely to have the cutting-edge 
research knowledge, as well as ambition and 
energy, to be highly successful. 

Asia can blaze a trail for encouraging 
innovative research by supporting large num- 
bers of young returning scientists with access 
to funding that does not depend on cronyism 
and is competitively awarded on the basis of 
merit and productivity. If there are no clear 
career paths for scientists in Asia, the best and 
brightest will not be attracted to and remain in 
science as a career. One example of the fail- 
ure to protect a bright scientist from changing 
administrative policies is that of a Stanford 
Ph.D. now making a living as a taxi driver 
in Singapore (/4). Several Western-trained 
Asian returnees, including CUSBEA scien- 
tists have left Singapore for China. 

The polemics between the traditional and 
the new continue, especially in Japan. Ken- 
ichi Arai, returning from Stanford, fought 
hard to reform the top-down, hierarchical sys- 
tem of life science research in Japan (/5). One 
curious end product, derived from the reform 
movement there, was the birth of a new insti- 
tute in Okinawa. Because Singapore’s suc- 
cess story with IMCB was reported through- 
out Asia, Koji Omi, who was then both Japa- 
nese Minister of State for Science and Tech- 
nology Policy, and also Minister of State for 
Okinawa, decided to build the world’s best 
research institution in Okinawa. English 
would be the common language. Breaking 


with Japanese tradition, he appointed Sydney 
Brenner, an English Nobel laureate, to be the 
president of this entity, the Okinawa Institute 
of Science and Technology (OIST). During 
OIST’s first year, Yomiuri Shimbun, a major 
Japanese newspaper, wrote critically of the 
OIST president (76) but missed the opportu- 
nity to discuss the reform of science in Japan. 
Resistance to reform is not particularly a 
Japanese problem. It is inherent in cultures 
with long, proud histories. OIST teaches an 
important lesson: It takes more than inviting 
a few high-powered scientists from abroad to 
get acceptance for science reform. 

Unfortunately, throughout Asia, the 
respect for scholarship has translated to a vir- 
tual worship of the Nobel Prize and brand- 
ing opportunities offered by top universities. 
Nobelists and professors from well-known 
Western universities represent the ultimate 
intellectual authority. Huge sums of money 
have been and are being spent in the hope of 
fast-tracking scientific institutions in Asia by 
associating with famous universities abroad. 
Asanexample, Singapore tried several expen- 
sive partnerships with U.S.-based Johns Hop- 
kins University and the Massachusetts Insti- 
tute of Technology (/7, 18). 

How can Asia nurture its own scientific 
leadership with such a lack of confidence in 
its own talent? If not corrected, intellectual 
colonialism can become a serious barrier 
to Asia’s quest to build capacity in science. 
Asia’s ambition to build competitive institu- 
tions can still be achieved if educated, enlight- 
ened politicians and scientific leadership arise 
in, or return to, each country and are empow- 
ered to serve each region’s best interests. 
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CELL BIOLOGY 


New Roles for Codon Usage 


Ivana Weygand-Durasevic' and Michael Ibba? 


ow do two proteins with almost indis- 
Hisesstt amino acid sequences 

have different functions in the cell? A 
single amino acid change can dictate a prop- 
erty as complex as the topology of a mem- 
brane protein (/), but other examples are less 
easy to explain. One such puzzle relates to 
the mammalian cytoskeletal proteins B- and 
‘y-actin, whose amino acid sequences are 98% 
identical. B-Actin is modified by the addition 
of arginine, whereas y-actin is not, resulting 
in distinct roles for each in the cell. Identi- 
fying what exactly distinguishes B- from 
y-actin has proved perplexing because the 
marginal differences in their amino-terminal 
sequences are not sufficient to explain why 
one is modified and the other is not. On page 
1534 of this issue, Zhang ef al. (2) show that 
the modification of B- and y-actin is dictated 
by the codons—the triplets of nucleic acids 
that encode amino acids— rather than the 
specific amino acids themselves in the amino 
termini of these proteins. This is an unex- 
pected example of proteins whose properties 
are determined at the nucleotide rather than 
the amino acid level, forcing a reassessment 
of what defines a synonymous change in a 
gene sequence. 

Arginylation of certain proteins occurs 
after translation of their amino termini. 
Although discovered more than 40 years 
ago (3), the effects of protein arginylation 
have remained less well understood than 
many other posttranslational modifications. 
Proteins are arginylated during normal cell 
growth and in response to stress, and arginy- 
lation has been associated with protein deg- 
radation in the proteasome (4). One promi- 
nent group of substrates is the actin family. 
For example, arginylation of o-actin in car- 
diac muscle affects myofibril development 
and function and regulates muscle contrac- 
tility (5). But not all actins are arginylated. 
Despite their high amino acid similarity, 
only the B-, but not the y- isoform of actin, 
is found arginylated at its amino terminus in 
vivo (6). Selective modification of actins is 
important for normal cell morphology and 
migration, because the absence of arginyla- 
tion substantially decreases intracellular actin 
polymer levels and changes its spatial segre- 
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For B-actin, fast translation allows only arginylation, thereby stabilizing the protein. 


(B) Slow translation of y-actin allows both arginylation and ubiquitination, leading to rapid degradation. 


gation (7). B-Actin preferentially localizes at 
the protruding leading edge of a migrating 
cell, where rapid actin polymerization pushes 
the cell’s front forward. There, B-actin is pres- 
ent as a loose and branched arrangement of 
relatively short actin filaments. By contrast, 
y-actin is found in the cell body in dense non- 
branched networks and long contractile stress 
fibers that impart morphological stability and 
support cell adhesion. 

Zhang et al. sought to determine what dif- 
ferentiates B- from y-actin, thereby allowing 
these two almost identical proteins to exist in 
differently modified states and play such dis- 
tinct roles in the cell. Given that the amino 
acid sequences of B- and y-actin are not dif- 
ferent enough to allow the selective arginyla- 
tion of one protein over the other, the authors 
wondered if instead both isoforms might be 
modified with arginine immediately after 
they are translated. Indeed, the authors found 
that both nascent polypeptides are arginy- 
lated, but the critical difference between them 
is stability: Unlike arginylated B-actin, argi- 
nylated y-actin only exists transiently and is 
rapidly degraded by the proteasome. 

Why is y-actin so much less stable? A 
striking difference in codon usage is the cul- 
prit. The amino terminus of the gene encoding 
y-actin contains a high frequency of codons 
predicted to slow the rate of translation of its 
corresponding mRNA into protein. The same 
region of the gene encoding B-actin uses alter- 
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nate codons to specify the same amino acids. 
Other recent studies have also identified 
codon usage, particularly at the amino termi- 
nus, as a key regulator of gene expression (8, 
9). The pivotal role of the nucleotide sequence 
was confirmed by recoding the amino termi- 
nus of y-actin with codons found in the same 
region of the B-actin gene. Without altering 
a single amino acid, codon changes alone 
stabilized y-actin. In the reverse experiment, 
B-actin was destabilized. Zhang et al. fur- 
ther noted that the differences in codon usage 
determined whether or not the isoform was 
degraded. A critical residue, Lys!’, is found 
in both B- and y-actin. Lys'* is normally bur- 
ied in the core of fully folded B-actin protein, 
but slowing the rate of protein synthesis via 
codon changes transiently exposes this resi- 
due and prompts modification of Lys'* with 
ubiquitin. This mark targets y-actin for prote- 
osomal degradation (see the figure). 

The exact effects of slowing protein syn- 
thesis remain unclear. Zhang ef al. sug- 
gest that B-actin may be translated faster 
than y-actin, resulting in faster folding and 
cotranslational processing (/0). The key 
parts of actin examined in this study are all 
within the first 18 amino acids translated, sug- 
gesting that the nascent B- and y-actin poly- 
peptides, which differ by four conservative 
replacements, would have to fold differently 
while still inside the ribosomal tunnel, so that 
when they emerge from the ribosome, each 
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can then engage distinct protein modification 
pathways. While such a mechanism would be 
unusual, it is not completely unprecedented. 
Recent work on the eukaryotic signal rec- 
ognition particle also points to the potential 
importance of nascent proteins folding within 
the ribosomal tunnel (//). Whatever the exact 
mechanism, the discovery of Zhang et al. 
that synonymous codon changes can so pro- 
foundly change the role of a protein adds a 


new level of complexity to how we interpret 
the genetic code. 
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ATMOSPHERIC SCIENCE 


Aerosols in Clearer Focus 


Urs Baltensperger 


tmospheric aerosols—amicro- 
scopic liquid or solid par- 
ticles suspended in Earth’s 
atmosphere—can harm human health 
(J) as well as influence climate by 
absorbing and reflecting solar radia- 
tion and modifying cloud formation 
(2). Our ability to fully describe the 
role of aerosols in the climate system, 
however, has been limited by uncer- 
tainty surrounding aerosol distribu- 
tion and characteristics. Two papers in 
this issue help reduce this uncertainty 
by providing data from two regions 
where coverage was poor. On page 
1488, Clarke and Kapustin (3) detail 
aerosol profiles from both relatively 
pristine and polluted areas over the 
Pacific Ocean. On page 1513, Péschl 
et al. (4) report on aerosols and cloud 
formation over the Amazon, where 
conditions may approximate those 
that existed in preindustrial times. 
Health-related monitoring typically 
focuses on measuring aerosol mass concen- 
trations, but a suite of additional variables 
comes into play when dealing with climate 
issues. Climate researchers, for instance, want 
to know how aerosols scatter or absorb light 
to calculate aerosol optical depth (AOD), an 
important measure of atmospheric transpar- 
ency, which can directly affect climate. They 
also want to know how many cloud condensa- 
tion nuclei (CCN) are available to form cloud 
droplets; the radiative properties of clouds 
are influenced by the CCN concentration, 
an effect known as the indirect aerosol effect 
on climate (5). Clarke and Kapustin present 
data on AOD and a CCN proxy (the number 
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of particles surviving a 1- to 2-s exposure to 
300°C) from about 1000 vertical profiles col- 
lected over 13 years. The data show that, in the 
Pacific regions most influenced by anthropo- 
genic activities such as the burning of fossil 
fuels and biomass, AOD, CCN, and all other 
measured aerosol variables are higher—by 
more than an order of magnitude—than in 
cleaner regions. They conclude that increased 
aerosols from combustion are directly and 
indirectly influencing climate. 

Andreae (6) argues that prehuman aerosol 
levels were very similar over continents and 
oceans. He concludes that, before the onset 
of human-induced pollution, the microphys- 
ical properties of clouds that formed over 
the continents resembled those that formed 
over the oceans. Today, however, cloud pro- 
cesses over most continents are shaped 
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Two studies provide insight into aerosol 
characteristics and cloud formation in regions 
with widely different aerosol concentrations. 
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Aerosols into cloud droplets. (Left) The red curve presents a typical number size distribution of dry aerosol particles 
from the mountain site Jungfraujoch, Switzerland (11). The red shaded area represents particles that are activated to 
cloud droplets at a very low supersaturation (0.1%); orange and yellow areas represent activated particles for increasing 
supersaturation up to 1%. Critical diameters for Jungfraujoch aerosols can vary slightly with water solubility, surface ten- 
sion, or mixing state (22); however, size is the most important parameter (73). The blue distribution represents an exam- 
ple of the size distribution of cloud droplets measured at the Jungfraujoch (7). (Right) When ice crystals are formed, 
water vapor is transported from the cloud droplets to the ice crystals because of the lower saturation vapor pressure over 
ice than over liquid water. This eventually results in evaporation of the cloud droplets, and the radiative properties of the 
cloud are no longer influenced by the number of CCN but only by the properties of the ice nuclei (IN) and ice crystals. 


by the effects of human perturbation. 
Péschl et al. report on cloud formation 
over one region where preindustrial condi- 
tions may still occur: the Amazon during the 
wet season. They characterized aerosols in 
air masses that moved over the region for an 
11-day period in March 2008. They found that 
the majority of CCN were composed of sec- 
ondary organic material formed by oxidation 
of gaseous biogenic precursors (apparently 
from forest biota). They showed that aero- 
sol-cloud interactions in this environment 
are distinctly different from those in polluted 
regions. In particular, they suggest that cloud 
formation over the pristine Amazon is limited 
by the number of available aerosol particles; 
in contrast, in polluted regions the formation 
of cloud droplets is limited by the velocity 
of the updrafts that carry particles into the 
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higher atmosphere, where they “activate” 
into cloud droplets. 

Poéschl et al. report that low aerosol con- 
centrations resulted in cloud droplet number 
concentrations that were nearly independent 
of the updraft velocity of a convective cloud, 
and substantially higher supersaturation lev- 
els than found in polluted areas. This in turn 
meant that particles could activate to cloud 
droplets at a lower (smaller) critical diameter 
than in polluted areas. This modeling result 
is confirmed by measurements at the high- 
altitude (3580 m) station Jungfraujoch, Swit- 
zerland. There, the median of the activation 
diameter decreased from about 100 nm for 
particle concentrations (with diameter D > 
100 nm) greater than 100 cm™ to about 65 nm 
for particle concentrations below 100 cm™> 
(7). The effect of varying supersaturation is 
illustrated in the figure: At high supersatu- 
ration, a much higher fraction of the aerosol 
particles is activated to cloud droplets than at 
low supersaturation. 

Poschl et al. also report on ice nuclei (IN), 


particles that initiate ice formation at a tem- 
perature considerably above the freezing tem- 
perature of water (roughly -40°C). Supermi- 
cron-sized particles over the Amazon con- 
sisted mostly of primary biological aerosol 
particles that showed substantial IN activity. 
Precipitation occurs when these supermicron 
particles act as “giant” CCN (in warm rain) 
or IN (when ice formation is involved). The 
impact of aerosol particles on precipitation is 
different for warm and cold clouds. In warm 
clouds, increased CCN concentrations slow 
the conversion of cloud droplets into rain- 
drops by nucleating larger concentrations of 
smaller drops, which are slower to coalesce 
into raindrops (8). In cold clouds, the situa- 
tion is much more complex. The saturation 
vapor pressure is lower over ice than over liq- 
uid water; this transports water vapor from 
the cloud droplets to the ice crystals as soon 
as ice crystals form in liquid clouds (the so- 
called Wegener-Bergeron-Findeisen process) 
(9). This results in evaporation of the cloud 
droplets and a very low fraction of activated 
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CCN (J0). In these clouds, the radiative prop- 
erties of the cloud are no longer influenced by 
the number of CCN but only by the properties 
of the IN and ice crystals. These processes are 
important for both the hydrological cycle and 
the radiative properties of clouds and clearly 
call for more research. 
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BIOCHEMISTRY 


A Never-Ending Story 


Britt-Marie Sjoberg 


ore than 50 years ago, Reichard 
and colleagues elucidated how 
cells make their DNA building 


blocks—the deoxyribonucleotides or dNTPs 
(/). They found that the enzyme ribonucle- 
otide reductase (RNR) converts ribonucle- 
otides (RNA building blocks) to correspond- 
ing dNTPs. One would expect that such a 
central pathway for all living cells would be 
meticulously mapped by now. Yes—and no. 
Researchers have described several classes 
and subclasses of RNRs (see the figure) that 
appear to have the same evolutionary origin 
(2-5), but involve different chemical cofac- 
tors, and so enable cells to construct dNTPs 
under different environmental conditions. 
Whenever the field seems settled, however, 
fascinating new aspects appear (/, 2). On 
page 1526 of this issue, Boal ef al. (3) report 
crystal structures of RNR complexes from the 
bacterium Escherichia coli that, together with 
earlier studies, confirm and neatly illuminate 
yet another way cells can construct dNTPs, 
this time with the help of manganese (Mn). 
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Early researchers initially identified two 
classes of RNR: class I, which is character- 
ized by a nonheme diiron center and a pro- 
tein-derived tyrosyl radical (Fe",-Tyre); and 
class I, which involve the vitamin B,, coen- 
zyme 5’-deoxyadenosylcobalamin (AdoCbl). 
Both of these RNR classes operate when oxy- 
gen is present (aerobic conditions). Later, 
investigators identified an anaerobic class 
Ill RNR, which involves a glycyl radical 
cofactor (Gly) generated by an iron-sulfur 
cluster that cleaves S-adenosylmethionine 
(AdoMet). Despite structural differences and 
the involvement of different cofactors (see 
the figure), all RNR classes have a common 
origin and generate a transient thiyl radical 
(Cyse) in the active site. 

In 1988, investigators isolated a Mn— 
dependent RNR from Corynebacterium 
ammoniagenes (6). It was not recognized 
as its own class, however; gene sequencing 
classified it as part of RNR class Ib, a sub- 
class of class I. In addition, the role of Mn 
was unclear, since the new RNR was active 
in vitro with an iron cofactor (Fe",-Tyrs) (7). 
Now, Boal et al., together with Cox et al. (8), 
highlight the importance of the Mn form of 
the class Ib RNR in C. ammoniagenes and 
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Revealing another way cells make DNA 
building blocks, this time with manganese. 


E. coli. The work also highlights the role of 
the protein NrdI, a flavodoxin that is a cru- 
cial player in the formation of Mn-RNR. NrdI 
is encoded in the same operon as NrdE and 
NrdF, the two components of the known class 
Ib RNR. NrdI is essential for the formation of 
Tyre in Mn-NrdF (9). 

The NrdIs are unusual flavodoxins. They 
are smaller than classical flavodoxins, with 
one notable variation in the loop that interacts 
with the flavin mononucleotide (FMN) (3, 
10). Recent structures for NrdIs from Bacil- 
lus anthracis (10), Bacillus cereus (11), and E. 
coli (3) cover the three redox forms of FMN 
(oxidized, semiquinone, and hydroquinone). 
Whereas the two redox potentials of classical 
flavodoxin differ by more than 100 mV (/2), 
E. coli NrdI maintains two almost identical 
redox potentials (9). The semiquinone form 
is thus transient in £. coli NrdI, which proba- 
bly functions as a two-electron donor. Several 
NrdIs differ markedly from classical flavo- 
doxin in their isoelectric points (pIs). Whereas 
flavodoxins have very similar pIs (4.5 + 0.6), 
those of E. coli and C. ammoniagenes Nrdls 
are much higher, and B. cereus and B. anthra- 
cis NrdIs have pls like those of flavodoxins 
(11). Both B. cereus and B. anthracis NrdIs 
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have been crystallized in 
semiquinone form (/0, //) 
and may be one-electron 
donors. 

The studies on class 
Ib Mn-RNRs from E. coli 
by Boal et al. (3) and from 
C. ammoniagenes by Cox 
et al. (8) fit together like 
hand in glove. The high- 
resolution structures of E. 
coli Mn-NrdF/NrdI com- 
plexes highlight a specific 
channel connecting the 
FMN cofactor in NrdI to 
the Mn", site in NrdF. This 
perfect match between the 
two proteins is conceivably 
set up to transfer oxidant to 
the metal site during acti- 
vation of NrdF. In previous 
studies, C. ammoniagenes 
class Ib RNR had been 
expressed in E. coli, but 
Cox et al. (8) chose the safe 
road and expressed high 
levels of C. ammoniagenes 


Mn'|,-NrdF 


Mn"/Tyre-NrdF 


dependent growth (9). 
Are class Ib RNRs 
active with either metal 
(cambialistic)? C. ammo- 
niagenes and E. coli NrdFs 
can be reactivated in vitro 
with ferrous iron and O, 
to the classical Fe™,-Tyre 
cofactor normally found 
in class Ia RNRs, and 
the Fe-NrdFs are enzy- 
matically active. Are they 
cambialistic in vivo? The 
requirement of C. ammo- 
niagenes for manganese 
argues against this idea, 
and it would be interesting 
to study how the NrdF- 
NrdI system may differen- 
tiate between Fe and Mn 
ions. In the presence of 
NrdI, Mn-NrdF has higher 
enzyme activity compared 
to Fe-NrdF (9). 
Characterization of 
class Ib Mn-RNRs has 
been a long, meandering 


NrdF in its homologous 
background. The intrinsic 
NrdI probably works cata- 
lytically in this expression 
system and forms enzy- 
matically active Mn-NrdF 
with Tyre. Their high-res- 
olution structure shows 
two Mn ions bridged by 
one oxo/hydroxo ligand and one carboxylate. 
Using advanced spectroscopic methods, the 
authors elegantly reason that the manganese 
site is Mn", and observe, with electron para- 
magnetic resonance, a deprotonated weakly 
H-bonded Tyre cofactor. 

Just as there are acidic (B. anthracis and 
B. cereus) and basic (E. coli and C. ammo- 
niagenes) Nrdls, the corresponding NrdFs 
group into different clades in a phylogenetic 
tree (13), with 67% identity between E. coli 
and C. ammoniagenes NrdFs and only ~40% 
identities between the B. cereus group NrdFs 
and the other two. In contrast to the Mn", site 
in C. ammoniagenes, the Mn", site in E. coli is 
bridged by three carboxylates (3). This metal 
ligation is unique to E. coli Mn-NrdF and dif- 
fers from C. ammoniagenes Mn",-NrdF with 
two bridging carboxylates (14). 

Failure to oxidize isolated E. coli Mn",- 
NrdF with small-molecule oxidants led inves- 
tigators to propose that reduced NrdI reacts 
with O, to produce peroxide (HO, or H,O,) 
(9). The channel in the Mn",-NrdF/NrdI com- 
plex is wide enough to transfer a peroide spe- 


cies and is lined by hydrophilic residues and 
backbone atoms favoring the peroxide anion 
(3). Models suggest that density observed in 
one of the crystallized complexes is a perox- 
ide species. Binding and heterolytic cleav- 
age of the peroxide would generate a [-oxo- 
bridged Mn", site (9). A second peroxide 
would generate Mn"™/Mn!Y mixed-valent 
NrdF with the potential to form the enzymat- 
ically active Mn",-Tyre. The figure shows a 
simplified reaction scheme for the C. ammo- 
niagenes NrdF-NrdI couple (8). 

Although the class Ib Mn-RNRs are 
now firmly established, several open ques- 
tions remain. Are class Ib RNRs essential? 
Streptococcus pyogenes NrdI is essential 
for NrdEF function (/5), B. subtilis class Ib 
RNR is essential both for aerobic and anaer- 
obic growth (/6), and the requirement of C. 
ammoniagenes and C. glutamicum for man- 
ganese is related to its class Ib RNR function- 
ality (8). In contrast, E. coli uses class IaRNR 
and not class Ib RNR for its aerobic growth, 
but oxidative stress and severe iron limitation 
may promote use of class Ib RNR and Mn- 


A dimanganese RNR subclass. Three major classes of RNR (I to III) have a common origin in 
the substrate-binding components (red) where the enzyme reaction occurs (top). Class Ib and 
Ic are subclasses of class | (often called class la). Canonical class | has a diiron/tyrosyl radical 
cofactor (green), subclass Ib has a dimanganese/tyrosyl radical cofactor (brown), and subclass 
Ic a manganese/iron mixed-valent cofactor (blue). The flavodoxin Nrdl (yellow) is essential for 
generation of the tyrosyl radical in dimanganese class Ib. In a simplified reaction mechanism 
for formation of the dimanganese/tyrosyl radical cofactor (bottom), the FMN in Nrdl forms 
peroxide via reduction of dioxygen. 


path spanning 30 years. It 
is now crowned by beau- 
tiful three-dimensional 
structures of a Mn", form 
of NrdF (8), as well as 
complexes of Mn",-NrdF/ 
NrdI (3), and these results 
add up to much more than 
their sum. 
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PHYSICS 


Quantum Walks Through 
a Waveguide Maze 


Mark Hillery 


wo of the major goals of the 
[i of quantum informa- 

tion are to build a quantum 
computer—one that processes bits 
of information according to quan- 
tum rather than classical rules— 
and to figure out what to do with 
one, once you have it. The field that 
encompasses the latter goal is quan- 
tum algorithms. It has not been easy 
to develop quantum algorithms, but 
within the past 10 years, a fruitful 
approach has arisen based on what 
are known as quantum walks, which 
in the classical world are the basis 
for a description of diffusion pro- 
cesses. On page 1500 of this issue, 
Peruzzo et al. (1) describe a device 
they have built that substantially 
improves our ability to perform 
quantum walks. They used it to fol- 
low two photons that are perform- 
ing a quantum walk along a line. 

It is best to approach quantum 
walks by comparing them with clas- 
sical random walks. To perform the 
simplest random walk, begin by flip- 
ping a coin, and take one step to the 
right, when it comes up heads, and 
one step to the left, when it comes 
up tails. Repeat this process a num- 
ber of times, and you will have experienced a 
random walk (see the figure, panel A). This 
surprisingly simple process can serve as a 
model for how the smell from a bottle of per- 
fume diffuses throughout a room, or how a 
stock price moves up and down. It also serves 
as the basis for a number of random computer 
algorithms. Thus, the quantum version of a 
random walk, a quantum walk, could be used 
as a basis for quantum algorithms. 

Random walks are performed by classi- 
cal objects, but quantum walks are performed 
by quantum objects such as photons. Peruzzo 
et al. start a photon traveling down a chan- 
nel (waveguide) in an optical medium. This 
medium has many parallel channels, and the 
photon can leak from one channel to another. 
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Walk like a photon. The difference between a classical random walk 
and a quantum walk is illustrated. (A) After starting at the origin and 
making a classical random walk of 100 steps, a classical cat is most 
likely to be found where it started (top). (B) A quantum object starting at 
the origin and making a quantum walk of 100 steps will most likely be 
found about 70 steps to the right or to the left of where it started. Here 
the object is represented by a cat, but in the study by Peruzzo et al., the 
walkers are two photons. Quantum walks can help speed up search algo- 
rithms based on random walks. 


These channels serve as the locations in the 
quantum walk. In other words, we are inter- 
ested in which channel the photon is located 
after it has “walked” for a certain amount of 
time (see the figure, panel B). 

The difference between the classical ran- 
dom walk and the quantum walk is a phe- 
nomenon known as interference. Quantum 
objects like photons experience it, whereas 
classical objects, including people, do not. 
Suppose the photon can get from one chan- 
nel to another via two different paths. Each 
of these paths is assigned a complex number 
called an amplitude. According to the rules of 
quantum mechanics, the probability that the 
photon makes the transition from one chan- 
nel to the other can be obtained by adding the 
amplitudes and then squaring the magnitude 
of this complex number. Thus, each individ- 
ual path can give a nonzero probability for 
the photon to transfer channels, but there 
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Compared to classical objects, a quantum 
object such as a photon will randomly search 
through a maze in fewer steps. 


are circumstances under which the 
two paths combine such that there is 
zero chance that this transition occurs. 
Interference makes the behavior of a 
quantum walk very different from that 
of a random walk. 

Quantum walks come in two basic 
types—one in which the movement 
proceeds in discrete steps, and one in 
which the movement is continuous (2, 
3). Peruzzo et al. examined a contin- 
uous quantum walk on a line. Theo- 
rists initially studied the behavior of a 
quantum walk on a line, but went on 
to look at walks on more complicated 
structures such as grids, n-dimensional 
cubes, and tree graphs (graphs with no 
closed paths).These structures are col- 
lectively called graphs, a graph being 
just a collection of vertices with edges 
between them. 

The first application of quantum 
walks was to searches (4). One of the 
vertices in the graph, called the marked 
vertex, has different properties than 
the others, and we would like to find 
out which vertex it is. What typically 
happens is that after N” steps, where 
N is the number of vertices, the par- 
ticle making the walk becomes local- 
ized on the marked vertex, so we just 
look and see where the particle is, and that is 
the marked vertex. It is also possible to locate 
marked edges as well as subgraphs within a 
graph (5). Classically, it would be necessary 
to check each vertex to see if it is the marked 
one, which would require N steps, so quantum 
walks make the procedure more efficient. 

Recently, two quantum algorithms based 
on quantum walks have been discovered. The 
first, developed by Ambainis, makes use of 
a black box that evaluates the output func- 
tion, f(x), for a given input x (6). The object 
is to find two different inputs that give the 
same output, or else reveal that each input 
gives a different output. Ambainis’s quantum 
algorithm is more efficient than any classi- 
cal algorithm for the same task. The second, 
developed by Farhi, Goldstone, and Gutman, 
can evaluate certain kinds of Boolean formu- 
las (logical statements) more efficiently than 
can be done on a classical computer (7). 
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On the experimental side, quantum walks 
have been performed in a number of differ- 
ent systems, including trapped ions, atoms in 
optical lattices, and photons. A distinctive fea- 
ture of the method described by Peruzzo et al. 
is their use of two walkers, i.e., two photons. 
They measured quantum correlations between 
the photons that are stronger than those that 
can be obtained with phase-averaged classi- 
cal light. There have been only a few inves- 
tigations of quantum walks with two walkers, 
and most of these have focused on the case in 
which the walkers can undergo statistical cor- 
relations, as in the study of Peruzzo et al., but 
do not interact through forces (for example, as 


charged particles might do). Recently, Gam- 
ble et al. (8) found that two interacting walk- 
ers are more successful at distinguishing non- 
isomorphic graphs (ones that connect vertices 
differently) than are noninteracting walkers. 
There is still a great deal to be learned 
about quantum walks. For a single walker, 
walks on more complicated graphs or sim- 
ple graphs with defects are possible areas 
of investigation. Walks with multiple walk- 
ers, both the noninteracting and interacting 
cases, are relatively unexplored. Finally, it 
is possible that more quantum algorithms 
will emerge from a better understanding of 
quantum walks that will enable new ways to 


speed up computation. 
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NEUROSCIENCE 


Should Confidence Be Trusted? 


Hakwan Lau’ and Brian Maniscalco' 


One is absolutely sure of her testimony; 

the other gives opposing testimony, but is 
less confident. Who would you trust more? 
All else being equal, we would tend to trust 
the former, because we believe that judg- 
ments made with high confidence are more 
accurate. This correlation between confi- 
dence and accuracy, though often true, unfor- 
tunately is not infallible. On page 1541 in this 
issue, Fleming et al. (1) report a relationship 
between the brain scans of people obtained by 
magnetic resonance imaging (MRI) and how 
seriously we should take their expressed level 
of confidence. 

When analyzing how confidence predicts 
accuracy, it is desirable to account for the effect 
of “response bias.” For instance, perhaps the 
witness’s high confidence is driven by a brash 
personality rather than a genuinely accurate 
memory. The problem of response bias is tra- 
ditionally addressed by methods such as “sig- 
nal detection theory,” which is an analytic tool 
that allows us to separate efficacy from bias 
(2). By applying such techniques (3), one can 
characterize how well the subject’s expressed 
level of confidence distinguishes between cor- 
rect and incorrect responses, independent of 
response bias. This measure of the efficacy 
of confidence ratings has been called “type 
2 performance” to distinguish it from “type 
1 performance,’ which measures how accu- 
rately a subject actually identifies a stimulus. 


| magine two witnesses in a courtroom. 
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Confidence ratings. Why does a witness's expressed level of confi- 
dence, when giving testimony, affect our judgement of its accuracy? 


In other words, high type 2 performance indi- 
cates a close relationship between the confi- 
dence of the subjects and how accurately they 
identify the stimulus. 

But there is another problem: Type 2 per- 
formance is influenced by type | perfor- 
mance (3). The intuition is simple: Suppose 
a subject has great difficulty making accurate 
judgments about stimuli (such as the orienta- 
tion of a figure), making many incorrect judg- 
ments as well as “fluke” judgments that are 
correct only by chance. The subject cannot 
distinguish incorrect judgments from those 
that are correct only by chance; they all seem 
like guesses. Thus, some variation in type 2 
performance may be attributable merely to 
the quality of “lower-level” stimulus process- 
ing in the brain (i.e., type 1 performance). 
To isolate this confounding factor, Flem- 
ing et al. controlled for type 1 performance 
by programming a computer to give harder 


The ability to monitor the efficacy of one’s own 
perception is associated with differences in the 
structure of specific brain regions. 


trials to the better observers, 
and easier trials to the poorer 
observers. The authors still 
found substantial variability in 
type 2 performance across 32 
observers. Also, structural MRI 
brain scans revealed that those 
observers with a high type 2 
performance had higher gray 
matter signal intensity (which 
implies greater volume or den- 
sity) in the frontal lobe than the 
low type 2 performers. The dif- 
ference was most prominent in 
the frontal polar areas, but also 
was apparent in the dorsal lat- 
eral prefrontal cortex and anterior cingulate 
cortex. Furthermore, neuronal fibers con- 
necting these regions showed higher signal 
intensity in the MRI scans. 

The results speak to the debated issue (4) 
of whether type 2 performance reflects gen- 
uine metacognition (5)—that is, cognition 
about another cognitive process, rather than 
about an external stimulus. For instance, one 
may argue that confidence ratings in a per- 
ceptual task may be made by tracking the 
strength of the external stimulus, rather than 
by introspection of the efficacy of the percep- 
tual process (metacognition). However, meta- 
cognition is one plausible way in which such 
confidence ratings can be made, as has been 
demonstrated by computational modeling 
(6). The correlation of type 2 performance 
with structures in the frontal polar region of 
the brain seems to support the metacognitive 
account, because this area is at the top of the 
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information-processing hierarchy, receiving 
input from other cognitive regions rather than 
early sensory areas (7). 

Metacognition is perhaps particularly 
controversial in nonhuman animals, such as 
dolphins and monkeys (4, 8). Such animals 
can make responses that seem to reflect con- 
fidence. For instance, when given the option 
to abort a trial quickly instead of trying for 
an answer, they took the option when their 
accuracy was low, as if they were express- 
ing “uncertainty,” i.e., a lack of confidence 
(4). Do the same brain structures identi- 
fied by Fleming ef a/. govern the “uncertain 
responses” in these animals? There is con- 
siderable behavioral evidence in favor of the 
metacognitive account of uncertainty judg- 
ments for these animals (4). Or do they use 
non-metacognitive mechanisms to generate 
“uncertain responses,” thus recruiting differ- 
ent brain structures? It would be interesting 
to determine whether lesions to the prefrontal 
cortex would affect these responses. 

One might expect type 2 performance of 
nonhuman animals to be considerably poorer 
than that of humans, because their prefrontal 
cortices are not as developed. One difficulty 
in testing this possibility is that we cannot 
easily control for observers’ type | perfor- 
mance across studies and species. How- 


ever, the mathematical relationship between 
type | and type 2 performance has recently 
been mapped out (3), and a method is now 
available (9, 10) to estimate type 2 perfor- 
mance even when we cannot control for type 
1 performance. Future studies can use this 
method to test the hypothesis that across 
species, or across different developmental 
stages in humans, type 2 performance may 
be correlated with structural development in 
prefrontal regions. 

Fleming etal. were cautious in interpreting 
their results in relation to sensory awareness. 
Nonetheless, the close conceptual relation- 
ship between confidence and sensory aware- 
ness has been discussed for at least a century 
(1). Given that type 1 performance can be 
shown to dissociate from sensory awareness 
in some cases (9, /2, 13), perhaps we should 
not equate the two, as is commonly done (/4). 
Rather, perhaps awareness arises when the 
observer’s brain introspectively “recognizes” 
that the perceptual signal was actually strong 
rather than weak, regardless of the underlying 
type 1 performance (6, 14, 15). Although this 
does not mean that sensory awareness is the 
same as type 2 (metacognitive) performance, 
both may depend on shared neural mecha- 
nisms that support the same kind of intro- 
spective monitoring of perceptual certainty. 


PERSPECTIVES 


Indeed, although the sensory signal itself may 
be represented by activity in posterior brain 
regions, visual awareness may depend on pre- 
frontal regions similar to those reported by 
Fleming et al. (9, 12, 13, 16). 
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GEOPHYSICS 


Seismic Images of the Biggest 


Crash on Earth 


Rainer Kind and Xiaohui Yuan 


(the lithosphere) consists of rigid plates 

that shift over geological time scales. 
Data from global positioning surveys have 
estimated that the entire Indian subconti- 
nent has moved over the past 50 years about 
2 m to the north, diving slowly underneath 
Tibet. This giant collision has been ongo- 
ing for 50 million years and has thrown up 
the highest mountains as well as the larg- 
est and highest plateau on Earth. Not only 
is the world climate strongly influenced by 
this massive plateau (average elevation of 
5000 m), but the collision also causes cat- 
astrophic earthquakes in southern, central, 
and eastern Asia. 


[: plate tectonics, the upper layer of Earth 
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There is an ongoing international effort to 
record seismic waves in Tibet and use them 
to study the deeper structure beneath Tibet. 
The Sino-American experiment Hi-CLIMB 
(Himalayan-Tibetan Continental Lithosphere 
during Mountain Building) (/—6), the multi- 
national experiment INDEPTH (International 
Deep Profiling of Tibet and the Himalayas) (7— 
10), and others (//) have covered the main part 
of the plateau. Different seismic techniques 
have been combined in these studies: (i) Seis- 
mic tomography, which is sensitive to smooth 
variations of material properties, can locate 
the lithosphere and asthenosphere by their 
higher and lower seismic velocities, respec- 
tively (2, 12, 13); (ii) the analyses of converted 
waves (where the propagating seismic waves 
change from shear to compressional waves, or 
vice versa, also called receiver functions) (/, 
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Several large seismic experiments are 
providing a large-scale and detailed 
picture of the Indian tectonic plate diving 
underneath Tibet. 


5—8, 10, 11) or of internally reflected waves 
(3), which are sensitive to sharp boundaries, 
can locate the crust-mantle boundary (Moho) 
and the lithosphere-asthenosphere boundary 
(LAB) with high resolution; and (ili) seismic 
anisotropy studies can provide an indication 
of mantle deformation (4, 9, //). These new 
seismic studies cover the entire lithosphere, 
especially the LAB, whereas earlier studies 
focused on the more accessible crust. 

The main results of the various seismic 
field campaigns in Tibet can be summarized 
graphically (see the figure). Different tomog- 
raphy results (2, 1/2, 73) indicate a broad 
Indian lithosphere of 100 to 200 km thick- 
ness reaching farther north than the north- 
ern boundary of the stable Indian plate at the 
surface (see the figure, top panel). A clear 
boundary between the Indian and Asian 
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plates is seen at depth by receiver functions 
(11), as marked in the top panel; of the figure 
by the clashing arrows. 

A comparison has been made between 
tomographic observations of the lithosphere 


(13) and converted-wave observations (//) 
along the westernmost profile (see the fig- 
ure, bottom panel). Taking into account that 
the lateral resolution of seismic tomography 
is much better than the vertical resolution, 
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What lies beneath. (Top) Topographic map of Tibet with results of seismic studies. The northern boundary of the 
Indian plate at the surface is marked by the continuous black line. This boundary at 200 km depth is marked by the 
black and blue dashed lines [from two tomography studies (22, 13)]. Observations of the bottom of the Asian and 
Indian plates at depths of about 150 to 200 km are marked by the green and blue arrows [applying receiver func- 
tion technique (10, 11)]. Directions of material flow in the mantle below Tibet are marked by red lines [from seis- 
mic anisotropy measurements (4, 9, 11)]. Surface displacements obtained from GPS measurements are marked 
by yellow arrows [modified from (25)]. Dashed magenta line marks observations of a hot and mobile region in 
central Tibet (26). The push of India far to the north beneath Tibet is causing escape flow in central Tibet in east- 
erly direction [e.g., (24)]. (Bottom) Seismic profile from India to the Tarim Basin (along the westernmost blue 
and green arrows in the top panel) obtained with two seismic techniques, tomography (73) and receiver functions 
(11). The background colors mark tomography results (blue/red means cold/hot regions). Foreground colors are 
results of receiver function studies (green/magenta means decreasing/increasing velocity jump downward). LAB 
and Moho are marked with white dashed lines. Northern limits of the Indian plate from the top panel (black and 
blue dashed lines) are marked by black and blue vertical lines. 
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the northern end of the Indian lithosphere 
agrees very well in both data sets. There is 
a clear step in the LAB where the two litho- 
spheres meet. It jumps up from about 200 
km depth at the Indian side to about 150 km 
depth at the Asian side. Seismic anisotropy 
(red lines in the figure, top panel) is very 
small in south Tibet and is much stronger in 
central and eastern Tibet (4, 9, //). Its direc- 
tion changes from northeast in central Tibet 
to east and southeast in eastern Tibet. This is 
considered a result of squeezing hot mantle 
material from the direct lithospheric colli- 
sion into easterly and southeasterly direc- 
tions (/4). Global Positioning System (GPS) 
data indicate similar surface displacements 
in central and eastern Tibet (/5). A rela- 
tively soft, warm, and mobile zone in central 
and eastern Tibet (/6) is marked in the fig- 
ure. The observed large depth of the Moho 
means the Indian crust is not participating 
in the subduction; instead, it is being peeled 
off and remains at the surface. Indian lower 
crust is observed below the Asian crust in a 
large region in central Tibet (5, 7, 8). 

The large international seismic experi- 
ments in Tibet have generated quality data 
in large quantities and have led to a much 
improved understanding of the collision 
of two continental plates and their result- 
ing deformations. Continuing comparable 
efforts at the northern and eastern bound- 
aries of Tibet are promising because there 
are indications that the mode of lithospheric 
collision might be very different there. 
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Tyrannosaur Paleobiology: 
New Research on Ancient 
Exemplar Organisms 
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Tyrannosaurs, the group of dinosaurian carnivores that includes Tyrannosaurus rex and its closest 
relatives, are icons of prehistory. They are also the most intensively studied extinct dinosaurs, and 
thanks to large sample sizes and an influx of new discoveries, have become ancient exemplar 
organisms used to study many themes in vertebrate paleontology. A phylogeny that includes 
recently described species shows that tyrannosaurs originated by the Middle Jurassic but remained 
mostly small and ecologically marginal until the latest Cretaceous. Anatomical, biomechanical, 
and histological studies of 7. rex and other derived tyrannosaurs show that large tyrannosaurs 
could not run rapidly, were capable of crushing bite forces, had accelerated growth rates and 
keen senses, and underwent pronounced changes during ontogeny. The biology and evolutionary 
history of tyrannosaurs provide a foundation for comparison with other dinosaurs and 

living organisms. 


includes Tyrannosaurus rex and its closest 

relatives, are archetypal dinosaurs (/) (Fig. 
1 and table S1). They are pop culture icons, but 
also valuable research subjects, and have become 
an exemplar group used to study many themes 
in vertebrate paleontology. Research on tyranno- 
saurs is undergoing a renaissance, as new dis- 
coveries and technological approaches are helping 
to elucidate the biology and evolution of these 
animals in unprecedented detail. 

Tyrannosaurus rex was initially described 105 
years ago (2), and for most of the 20th century 
tyrannosaurs were known almost solely from fos- 
sils of 7: rex and four closely related species of 
large, multi-ton Late Cretaceous predators (3). 
Within the last decade, however, the diversity of 
tyrannosaurs has more than doubled, and during 
the past year alone, six new species were de- 
scribed, some of which are 100 million years older 
and 1/100 the size of T. rex (4, 5) (Fig. 1). These 
discoveries have fostered an increased understand- 


Listas the group of carnivores that 
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ing of tyrannosaur anatomy (6, 7), growth dynam- 
ics (8, 9), population structure (/0), feeding (//), 
locomotion (/2), biogeography (/3), and soft tissue 
morphology (/4—/6). This breadth of information, 
and of research activity, on a restricted group of or- 
ganisms is unparalleled in contemporary dinosaur 
paleontology. 

Here we assess the current state of tyrannosaur 
research, with a focus on the phylogenetic rela- 
tionships and large-scale evolutionary patterns 
exhibited by the group, the biology of tyranno- 
saurs as living organisms, and information re- 
vealed from the newest discoveries. 


Phylogenetic Relationships and Evolution 
of Tyrannosaurs 


Tyrannosaurs, which formally comprise the clade 
Tyrannosauroidea, are a relatively derived group 
of theropod dinosaurs, more closely related to 
birds than to other large theropods such as al- 
losauroids and spinosaurids (J, 17). Approxi- 
mately 20 tyrannosauroid genera are currently 
known, 5 of which were described during the past 
year. To assess their interrelationships, we con- 
ducted a phylogenetic analysis, which includes all 
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Fig. 1. The anatomy of tyrannosaurs, showing the variety of skeletal and cranial morphology in the group. 
(A) A skeletal reconstruction of Alioramus, a gracile and long-snouted tyrannosaurid, which exhibits many 
features of the generalized tyrannosaurid body plan (large skull, small arms, long hindlimbs, long tail). (B to 
D) Skulls of the basal tyrannosauroids Guanlong (B), Dilong (CQ), and Bistahieversor (D). (E and F) Skulls of 
juvenile (E) and adult (F) Tyrannosaurus scaled to the same length, illustrating the transition from a longer to 
a deeper skull during ontogeny. All scale bars equal 10 cm. Credits: F. Ippolito, American Museum of Natural 
History (AMNH) (A); I. Block, National Geographic Stock (B); M. Ellison, AMNH (CQ); D. Baccadutre, New 
Mexico Museum of Natural History and Science (D); S. Williams, Burpee Museum of Natural History (E); 
AMNH Photo Archives (#2752, Tyrannosaurus skull as mounted in the old hall) (F). 
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well-known genera scored for 307 morphological 
characters (/8). The data set is based on personal 
observation of specimens and includes 123 novel 
characters (40% of total) based on recently 
discovered tyrannosaur taxa (4, 19-21). 

Tyrannosaurs are a long-lived group that 
originated by the Middle Jurassic, ~165 million 
years ago (5) (Fig. 2). The oldest and most basal 
tyrannosaurs comprise a speciose subclade, Proce- 
ratosauridae, which includes mostly small-bodied 
animals no larger than a human, many of which 
possessed elaborate cranial crests (22). Progres- 
sively more derived tyrannosaurs form a pectinate 
series on the line toward Tyrannosauridae, the sub- 
clade of multi-ton, deep-skulled behemoths from 
the terminal Cretaceous (Campanian-Maastrichtian), 
including Tyrannosaurus, Tarbosaurus, Alberto- 
saurus, and close relatives (/). Taxa phylogenet- 
ically intermediate between proceratosaurids and 
tyrannosaurids include a range of genera from the 
Late Jurassic—early Late Cretaceous of Asia, North 
America, and Europe, most of which have been 
recently discovered (4, 14, 20, 21, 23, 24). These 
taxa run the gamut from small to medium size 
(~1.4 to 9.0 m in length), and few were likely 
apex predators in their ecosystems (2/). 

Until recently, the prevailing notion was that 
tyrannosaur body size gradually, and progres- 
sively, increased over time, in concert with the 
piecemeal accumulation of signature tyrannosaur 
skeletal features (14, 27). However, new discov- 
eries have led to a reassessment. The Early Cre- 
taceous proceratosaurid Sinotyrannus may have 
approached 10 m in body length, demonstrating 
that tyrannosaurs could attain a large size early in 
their history (25). More striking, the close tyran- 
nosaurid outgroup Raptorex is only 2 to 3 m in 
length, suggesting that there was great size var- 
iability among close tyrannosaurid relatives and 
perhaps that the immediate ancestors of tyranno- 
saurids were small animals (4). Truly enormous 
size, however, is restricted to the latest Cretaceous 
tyrannosaurids, some of which grew to lengths of 
13 m and masses of 5 to 8 tons (8). Therefore, for 
the first 80 million years of their history tyranno- 
saurs were mostly small- to mid-sized animals 
that lived in the shadow of other giant predators 
(e.g., allosauroids, megalosauroids), and only 
during the final 20 million years of the Meso- 
zoic did they develop into some of the largest 
terrestrial carnivores to ever live (26). The domi- 
nance of tyrannosaurs as megapredators was 
purely a latest Cretaceous phenomenon. 


Tyrannosaur Anatomy 


The spate of new discoveries has prompted a 
renewed focus on tyrannosaur anatomy, includ- 
ing external, internal, and soft-tissue morphology 
(Fig. 3). All tyrannosaurs are bipedal predators 
and possess several unique features, including a 
small premaxilla with D-shaped “incisor’-like 
teeth, fused nasals, extreme pneumaticity in the 
skull roof and lower jaws, a pronounced muscle 
attachment ridge on the ilium, and an elevated 
femoral head (6, 27, 28). 
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Fig. 2. Phylogenetic relationships of tyrannosauroid theropods, assessed by a cladistic analysis (28). 
Single most parsimonious tree, showing the relationships of 19 tyrannosaurs, scaled to the geologic time 
scale (in millions of years ago, Ma). Taxa in blue are those that have been described during the past year. 
Silhouettes indicate relative body size (based on femur length as a proxy). Thick red bars indicate major 
ghost lineages. Thick black bars represent the finest age resolution for each taxon, not actual duration. 


A number of derived specializations charac- 
terize the giant tyrannosaurids: a large and deep 
skull with powerful jaw muscles, robust teeth, 
reinforced sutures between skull bones, and tiny 
forelimbs (6, 29), features often considered ad- 
aptations for a hypercarnivore to function at 
large size (4). Basal tyrannosauroids, in contrast, 
have smaller skulls and longer arms and gen- 
erally resemble sleek, bird-like theropods more 
than their enormous tyrannosaurid cousins (/4, 22). 
New discoveries have shown, however, that the 
hallmark tyrannosaurid body plan (large and 
deep skull, robust teeth, etc.) does not uniquely 


or uniformly characterize the tyrannosaurid 
clade. Most of these features are now known to 
be present in Raptorex, the man-sized tyranno- 
saurid outgroup that lived 40 million years be- 
fore tyrannosaurids originated (4). Furthermore, 
the gracile and long-snouted Alioramus, a ty- 
rannosaurid that is about half the size of close 
relatives such as Tarbosaurus and Tyrannosaurus, 
lacks a deep and muscular skull and thick teeth 
(79). Thus, characteristic tyrannosaurid features 
did not evolve as a consequence of large body 
size, but likely originated in small animals, and 
not even all derived, Late Cretaceous tyranno- 
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saurids are united by a characteristic morpho- 
type (4, 19). 

Much is also known about the internal anat- 
omy of the tyrannosaur skull, thanks to the dis- 
covery of exceptionally preserved fossils and the 
application of digital techniques such as comput- 
erized tomography (CT) scanning (7, 30, 31). Ty- 
rannosaurs possessed the required neuroanatomy 
to lead the active, predatory life-style expected of 
derived theropods (7, 30). Their encephalization 
quotient—an estimate of relative brain size—varies 
between 2.0 and 2.4, larger than in basal theropods 
but lower than that of birds and their closest rela- 
tives (19). Large olfactory lobes indicate a strong 
sense of smell (7, 37). Elongate cochlear and semi- 
circular canals apparently support elevated sen- 
sitivity to low-frequency sound and 
highly coordinated head and eye move- 
ments (7). 

Several tyrannosaurid specimens 
have been reported to preserve in- 
tegumentary structures and other soft 
tissues, which rarely fossilize in dino- 
saurs. Although impressions of scaly 
skin have been described for large 
tyrannosaurids (32), simple filamen- 
tous integument, interpreted as homol- 
ogous to feathers, is clearly preserved 
in a specimen of the basal tyranno- 
sauroid Dilong (14). These branched 
filaments appear to have extensively 
covered the body, as they are ob- 
served near the skull and tail. A re- 
cent study suggests that much larger 
tyrannosauroids were covered with 
elongate, broader integumentary struc- 
tures (33), which were likely used 
for display (34). Several easily de- 
graded soft tissues, such as cells, 
blood vessels, and collagen, have been 
reported from a specimen of Tyran- 
nosaurus (15, 35). Some of these 
findings have been met with skepti- 
cism (36), and they remain to be 
validated by other research groups. 
However, if correct, they promise to 
give radical new insight into the pro- 
cess of fossilization and may allow 
for molecular phylogenetic analysis 
of these extinct taxa (37). 


Tyrannosaur Growth 


Arguably we know more about tyrannosaur 
biology than that of any other dinosaurs (Figs. 3 
and 4). Much of this knowledge has been gained 
over the past 20 years, through the collection 
of skeletons of both adults and juveniles, bones 
of their prey with bite marks, coprolites (fossil 
feces), stomach contents, and pathological spec- 
imens (38). 

Much attention has focused on how tyranno- 
saurs grew, especially on how giants such as 7. rex 
achieved such massive size and how their skel- 
etons changed during the transition from embryo 
to multi-ton adult. Comparative growth curves for 
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several species, which plot body mass (calculated 
from femur size) against age in years (calculated 
from counting growth lines in histological section) 
(8) (Fig. 4B), show that large tyrannosaurids 
reached somatic maturity around 20 years old, 
though most rarely lived for more than 25 years. 7: 
rex evidently attained its large size via acceleration 
of growth rates relative to closely related species, 
not by extending its life span. Its maximum growth 
rate may have exceeded 767 kg per year, equiv- 
alent to adding a remarkable 2 kg per day (8). 
Tyrannosaur skeletons changed substantially 
as individuals matured. Although less is known 
about the growth of small, basal tyrannosaurs, 
tyrannosaurids and their closest large-bodied 
relatives are united by a conservative pattern of 


growth in which the skulls of juveniles were en- 
tirely reshaped during ontogeny (9, 20, 39). This 
sequence has been reconstructed by cladistic 
analysis, based on the principle that ontogeny, 
like phylogeny, involves a hierarchically nested 
series of character changes (19, 39). During the 
growth of an individual species, the skull and 
jaws deepened, pneumatic bones inflated, orna- 
mented structures enlarged and coarsened, sutural 
surfaces deepened and became more rugose, and 
the teeth became larger and thicker (9, 40) (Fig. 1). 
Changes have also been documented in the post- 
cranial skeleton. Most notably, the forearm shortened 
and the long shin and foot of juveniles became 
shorter and stockier in adults (40). The differ- 


REVI 


ences between juvenile and adult tyrannosaurids 
are so great that different growth stages have 
often been mistaken for different species (3, 9). 


Tyrannosaur Behavior 


A variety of studies have used biomechanical mod- 
eling, which incorporates mathematics, physics, 
and computer programming (4/), to infer tyran- 
nosaur behavior. Tyrannosaurs, especially the large, 
derived forms, have often been used as exemplars 
to demonstrate the utility of such computer models. 

Most studies have suggested that although 
large tyrannosaurids might have been able to run 
at slow to moderate speeds at best (top speeds 
between 5 and 11 ms '), they could not run near- 
ly as fast as large athletic animals today, such as 


Fig. 3. Tyrannosaur soft tissues, feeding, and locomotion. (A) CT imagery of internal pneumatic sinuses of the 
braincase of Alioramus altai (19). (B) Endocast of brain, cranial nerves, and semicircular canals of A. altai (19). (C) Finite 
element analysis of a skull of 7. rex (11, 47), showing high stresses (red colors) in the nasal and cheek regions (courtesy 
of E. Rayfield). (D) Lacrimal of A. altai (reversed), showing pneumatic spaces that housed air sacs (credit: M. Ellison). (E) 
Feathery integument along the tail of Dilong paradoxus. (F) Three-dimensional biomechanical model based on muscle 
reconstruction of the right hindlimb of 7. rex (16), used to assess running mechanics. 


racehorses (~20 ms ') (12, 41, 42). Consensus 
also is building that even though large tyranno- 
saurids were not restricted to a pillar-like columnar 
limb posture to maximize mechanical advantage, 
they were still far from having very crouched, 
more birdlike postures (J2, 4/, 42). Aspects of 
tyrannosaurid anatomy, such as the long legs and 
large pelvic limb muscles, which intuitively seem 
to indicate fast running capacity, were inherited 
from small, presumably fast-running ancestors. 
Modeling studies have incorporated these features 
and shown that they did not make large tyranno- 
saurids extremely fast. However, it is worth noting 
that these studies rely on estimates of muscle size 
and attachment points, a somewhat conjectural 
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exercise, albeit constrained by the anatomy of 
extant relatives (/2, 16), that plagues all such 
functional analyses. 

Both trace fossils (bite marks, coprolites) and 
quantitative techniques have helped to reveal what 
tyrannosaurs ate and how they fed. Tyrannosaurid 
bite marks have been found on the bones of a 
wide diversity of species, including various other 
tyrannosaurs, demonstrating that they were eco- 
logical generalists (43). Bite mark patterns show 
that tyrannosaurids characteristically bit deeply into 
carcasses, often through bones, and then pulled 
back, creating long cuts [puncture-pull feeding sen- 
su (44)]. Some 7. rex bite marks (44) and cop- 
rolites with bone chunks (45) indicate that bone 
was fractured, ingested, and used for sustenance, a 
mammal-like attribute not seen in extant reptiles. 
The bite forces needed to crunch through bone 
would have been enormous. Biomechanical ex- 
periments have replicated the size and depth of 
fossilized bite marks and suggest that 7: rex gen- 
erated bite forces of at least 13,400 N. Maximal 
bite forces were probably greater (46). 

Such large bite forces would have exerted 
tremendous stress on the skull. Tyrannosaurid 
skull shape and its relation to bite-induced stress 
have been extensively studied by finite element 
analysis. The results indicate that large tyranno- 
saurids had skulls optimized to endure strong 
bites, as various sutures absorbed stress and the 
fused nasals strengthened the snout (//, 47, 48). 
Similar biomechanical techniques have also been 
used to examine the role of the tyrannosaur neck 
in feeding, showing that it was important for 
generating pulling forces on food items and in 
inertial feeding (49), and the function of the 
unusual “pinched metatarsus” of the foot in turn- 
ing, indicating that it was structured to resist shear- 
ing and twisting forces (50). 

Little is known about the ecological commu- 
nity structure for most extinct animals, but large 
sample sizes permit some understanding of 
tyrannosaur ecology. Late Cretaceous tyranno- 
saurids were the first dinosaurs for which popu- 
lation dynamics—the balance between deaths and 
births that create a population’s age structure— 
could be assessed (/0) (Fig. 4C). Like large birds 
and mammals, but unlike living reptiles, tyranno- 
saurids probably experienced extremely high 
neonate mortality, followed by few deaths after 
2 years of age (presumably a release from preda- 
tion), and then increased mortality at mid-life 
(probably from the rigors of reproduction), so that 
few individuals had a long reproductive life span. 
Furthermore, a number of fossil sites have pre- 
served multiple individuals, suggesting that tyran- 
nosaurs were at least occasionally gregarious (5/). 
Bite marks indicate that individuals of the same 
species bit each other in the face during en- 
counters (52), and many older individuals with 
gout, bacterial legions, and bone fractures have 
been reported, showing that disease and injury 
were common (53). 

Multiple lines of evidence indicate that tyran- 
nosaur ecological habits changed during ontogeny. 


In Late Cretaceous tyrannosaurids, 
the difference in form between the 
lightly built, fleet juveniles and the 
larger, bulkier adults suggests that 
foraging behavior and targeted prey 
size changed as tyrannosaurs grew. 
The deep and muscular adult skull, 
with reinforced sutures and robust 
teeth, is well suited for sustaining 
high bite forces, whereas juveniles 
had none of these features (9, 39). Fur- 
thermore, the longer and more grac- 
ile hind limbs of juveniles indicate 
that they were relatively faster than 
adults (40), which has been corrob- 
orated by biomechanical analysis 
(12). These differences could have 
promoted major size-related shifts 
in ecology and behavior. It is plau- 
sible that adults preferentially attack- 
ed larger, but less mobile, prey than 
their younger counterparts. Such an 
ontogenetic shift is not seen in many 
familiar predators today (e.g., lions), 
but is present in extant crocodylians 
(54). As most basal tyrannosauroids 
are similar in skull and body propor- 
tions to juvenile Late Cretaceous tyran- 
nosaurids, it is likely that they behaved 
and fed in a similar manner. However, 
detailed biomechanical analyses have 
yet to be carried out for most non- 
tyrannosaurid tyrannosauroids. 

Whether 7. rex and other large 
tyrannosaurs were scavengers or pre- 
dators has generated much specula- 
tion and dispute. Bite marks from 
mass death assemblages of herbivo- 
rous dinosaurs show that tyrannosaurs 
scavenged on occasion (38). How- 
ever, multiple reports of healed ty- 
rannosaur bite marks on prey bones 
(55, 56) and tyrannosaur stomach 
contents containing remains of young 
dinosaurs (57) indicate that tyran- 
nosaurs were capable of active 
predation. Like most carnivores, 
tyrannosaurs probably both scav- 
enged and hunted. 

One of the largest voids in our 
understanding of dinosaur biology 
is the sex of individual specimens. It 
has been suggested that female tyran- 
nosaurs required a larger pelvic outlet 
for the passage of eggs, reflected by 
a greater span between the ischial 
bones and a smaller or more poste- 
riorly located first tail chevron, but these 
indices find little neontological sup- 
port in living archosaurs (58, 59). 
More recently, medullary bone, a cal- 
cium phosphate deposit for the use of 
shelling in eggs, was reported in one 
T. rex specimen (60). This provides 
a surefire identification of sex in dino- 
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Fig. 4. Tyrannosaur growth and ecology. (A) Histological 
section of a T. rex dorsal rib, showing growth lines whose counts 
are used to reveal age and longevity. (B) Growth curves for North 
American tyrannosaurids derived from growth line counts and 
body size estimations for individuals showing how size changes 
with age. No sampled tyrannosaurid adults were more than 30 
years old, and accelerated rather than prolonged development 
was the key to the great size of 7. rex (8). (C) Survivorship curve 
for Albertosaurus sarcophagus. This tyrannosaur exhibited high 
neonate mortality, then few deaths after age two, and then 
increased mortality at mid-life (8). 
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saurs, and holds much promise for future studies 
of dinosaur sex and ecology. 


Tyrannosaur Biogeography 


Until recently, all tyrannosaur fossils were limited 
to Asia and North America, but the discovery and 
recognition of basal tyrannosauroids over the last 
decade reveals a more cosmopolitan distribution 
during their early evolution (5, 22-24, 61). Mem- 
bers of the Middle—Late Jurassic proceratosaurid 
radiation are known from Europe and Asia (5), 
whereas the Late Jurassic genus Stokesosaurus is 
known from both Europe and North America (24). 
However, all well-known tyrannosaurs more de- 
rived than Eotyrannus and Stokesosaurus exhibit 
a purely Asian or North American distribution. 
Faunal interchange between these continents is 
characteristic of most Campanian-Maastrichtian 
dinosaur clades and reflects an increasing Laurasian- 
Gondwanan provincialism during the final stages 
of the Age of Dinosaurs (62). Tyrannosaurs, be- 
cause of their rich fossil record and well-studied 
phylogenetic relationships, are one of the primary 
sources of evidence for this long-established bio- 
geographic hypothesis. 

Emerging evidence, however, indicates that 
tyrannosaurs were likely present on the southern 
continents during their early evolutionary history. 
An isolated pubis from the Early Cretaceous of 
Australia was recently identified as belonging to 
a derived tyrannosaur (/3). As contemporary Early- 
mid Cretaceous dinosaurs mostly belong to 
globally distributed clades (26), the absence of 
Gondwanan tyrannosaurs during this time had 
been a puzzling anomaly. Even with this dis- 
covery, if it is from a tyrannosaur, tyrannosaurs are 
absent in the well-sampled mid-Late Cretaceous 
units of South America, Africa, and Madagascar 
(63). It is possible that tyrannosaurs were rare on 
the southern continents during the Early-mid 
Cretaceous, and it is likely that Gondwanan forms 
did not persist into the latest Cretaceous, at least as 
common and ecologically dominant carnivores. 

Most tyrannosaurs are known from mesic 
(moderate moisture) or seasonally mesic paleo- 
environments, and their fossils are notably absent 
from xeric (dry) facies, even those that interfinger 
with tyrannosaur-bearing mesic sediments within 
the same sedimentary rock basins in Asia (64). 
This likely indicates that tyrannosaurs preferred 
wetter habitats, although it may still reflect a 
sampling bias. Wherever they were present dur- 
ing the Late Cretaceous in North America and 
Asia, tyrannosaurs were the sole apex predators 
in their environments. Multiple large tyranno- 
saurids co-occurred during some intervals in North 
America and Asia (/9, 27), but the Maastrichtian 
of western North America was solely dominated 
by T. rex (39). In contrast, most nontyrannosaurid 
tyrannosauroids are found alongside larger non- 
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tyrannosaur predators, demonstrating that tyran- 
nosaurs did not exclusively dominate the apex 
predator niche, regardless of where they lived, 
until the final 20 million years of the Cretaceous. 


Conclusion 


Tyrannosaurus rex and its close relatives are 
the most intensely studied dinosaurs. Derived 
tyrannosaurs such as Albertosaurus, Tarbosaurus, 
and Tyrannosaurus are known from more fossils 
than are most other dinosaurs, and these speci- 
mens span the spectrum from juvenile to adult. 
Many modern analytical approaches have been 
pioneered with the use of Zvrannosaurus and 
close kin, and the results of these studies are 
allowing for quantitative comparisons between the 
biology of extinct dinosaurs and living species. 
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Island Biogeography Reveals the 
Deep History of SIV 
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virus (SIV) in African nonhuman primates 

and the discovery of ancient endogenous 
lentiviruses (/) suggest that SIV is very old. Con- 
versely, molecular clock methods calibrated by 
using modern sequences indicate a time scale of 
just centuries (2, 3). To resolve this conundrum, we 
sampled monkeys on Bioko Island, Equatorial 
Guinea, which was isolated from Africa as sea 
levels rose 10,000 to 12,000 years before the pres- 
ent (yr B.P.) (fig. S1) (4). Bushmeat specimens 
were screened by SIV serological tests and reverse 
transcription polymerase chain reaction (RT-PCR) 
and sequencing of conserved viral pol gene frag- 
ments [472 to 633 base pairs (bp)]|, followed by 
phylogenetic analyses. 

Of 79 individuals from six species, we de- 
tected 22 sequence-confirmed SIV positives in four 
species, with a prevalence of 22 to 33% (table S1). 
Phylogenetic analyses (Fig. 1 and figs. S2 and 
S3) revealed previously uncharacterized species- 
specific SIV lineages in Cercopithecus erythrotis 
erythrotis (SIVreg-Bioko), Colobus satanas satanas 
(SIVblc-Bioko), and Cercopithecus preussi insularis 
(SIVprg-Bioko). The fourth, the Bioko drill, 
Mandrillus leucophaeus poensis, is infected with 
SIVdrl-Bioko and has a mainland conspecific 


T: ubiquity of simian immunodeficiency 
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counterpart, Mandrillus leucophaeus leucophaeus, 
infected with SIVdrl (fig. S1). These viruses form a 
monophyletic group with SIVmnd-2 from the 
mandrill, the closest relative of the drill (Fig. 1). 
Each Bioko SIV lineage shares ancestry with 
a mainland virus found in a monkey of the same 
genus (Fig. 1). Barring the possibility that hu- 
mans introduced multiple species-specific SIV 
lineages to the wild monkey populations of 
Bioko, the mainland and island SIVdrl variants 
must have been evolving independently since 
Bioko became isolated ~10,000 yr B.P., and perhaps 
longer given the high levels of genetic diversity 
seen within local SIV populations. We used the 
SIVdrl/SIVdrl-Bioko ancestor dated ~10,000 yr 
B.P. to calibrate our molecular clock phylogenetic 
analysis. From amino acid sequences, the mean 
estimate of the time of the most recent common 
ancestor (TMRCA) of SIV was 76,794 yr B.P. 
(95% highest probability density from 32,821 to 
132,780). This is older than TMRCA estimates 
from nucleotides [using all three codon positions, 
49,129 (29,078 to 71,268); with third positions 
only, 28,077 (19,184 to 37,305)]. This pattern 
suggests that the more rapidly evolving the 
character, the more biased the dating estimate 
becomes toward the present. Perhaps both the nu- 
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Fig. 1. The biogeographical calibration point: the isolation of Bioko ~10,000 years ago. The dashed 
green line indicates the most recent time the current mainland and Bioko drill viruses could have shared a 
common ancestor (red star). This is a maximum clade credibility tree from amino acid sequences, with 
node heights (yr B.P.) representing the mean value of the posterior sample of the Bayesian analysis. Well- 
supported nodes (0.95 or greater posterior probability) are marked with asterisks. Viruses from Bioko 
species are highlighted with colored rectangles. See fig. $3 for species-specific SIV abbreviations and 
probablity distributions of the TMRCA for each node. [Photo credits: for red-eared guenon and black 
colobus, T. Laman; drill, C. Santiestevan; Preuss’s guenon, R. Berg] 
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cleotide and the amino acid analyses run up against 
stringent evolutionary constraints and saturation 
problems (fig. S4), which makes correcting for 
repeated substitutions at the same site difficult. 

The four Bioko SIV lineages are genetically 
diverse and phylogenetically connected with 
those found across continental Africa, which leaves 
little doubt that the age of SIV is much greater than 
previously inferred (3). Molecular clock analyses 
of RNA viruses produce plausible, often un- 
assailable, inferences over the short term, but our 
results raise the possibility of fundamental prob- 
lems at deeper times scales for SIV and perhaps 
other viruses. Although we accept current estimates 
of HIV-1 and HIV-2 TMRCAs of <100 yr B.P., 
implying short-term evolutionary rates ~125 times 
faster than our (conservative) Bioko-calibrated SIV 
estimate, the possibility of a deeper-than-assumed 
history for HIV may be worth investigating. 

SIVs have been present in African primates 
for more than 32,000 years, which suggests that 
humans may have had sporadic encounters with 
these viruses for millennia. Changes in human 
behavior or ecology were likely necessary before 
nascent HIVs could become established (5, 6). 
Although evidence of codivergence between SIV 
and its natural hosts is still lacking, our results are 
suggestive that generally low pathogenicity of 
SIV is likely a consequence of long-term host- 
virus coevolution. A similar accommodation be- 
tween HIV and humans should therefore not be 
expected to arise soon. 
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Hemispheric Aerosol Vertical Profiles: 
Anthropogenic Impacts on Optical 
Depth and Cloud Nuclei 


Antony Clarke* and Vladimir Kapustin 


Understanding the effect of anthropogenic combustion upon aerosol optical depth (AOD), clouds, and 
their radiative forcing requires regionally representative aerosol profiles. In this work, we examine more 
than 1000 vertical profiles from 11 major airborne campaigns in the Pacific hemisphere and confirm that 
regional enhancements in aerosol light scattering, mass, and number are associated with carbon 
monoxide from combustion and can exceed values in unperturbed regions by more than one order of 
magnitude. Related regional increases in a proxy for cloud condensation nuclei (CCN) and AOD imply that 
direct and indirect aerosol radiative effects are coupled issues linked globally to aged combustion. 
These profiles constrain the influence of combustion on regional AOD and CCN suitable for challenging 
climate model performance and informing satellite retrievals. 


atural and anthropogenic combustion emis- 
Ne including biomass burning, are major 
sources of CO, CO3, and aerosol particles. 
Aerosols influence Earth’s radiation balance through 
direct interaction with solar radiation (/—3) and by 
modifying cloud droplet number and radiative ef- 
fects (4). Long-range aerosol transport affects re- 
gions more than 10,000 km downwind of sources 
(5, 6), but sources, vertical mixing, lifetime, and 
removal processes are highly variable and uncertain. 
Constraining uncertainties in global assessments re- 
quires vertical profiles of regionally representative 
aerosol data to evaluate column radiative effects, 
refine satellite products (7), and challenge chemical 
transport models (3, 8). Such factors motivated the 
NSF and NASA to initiate aircraft experiments in 
the 1990s to measure in situ gas and aerosol prop- 
erties over diverse regions. Initial missions (Fig. 1 and 
Table 1)}—including the Aerosol Characterization 
Experiment (ACE)-1 over the Southern Ocean 
and the Pacific Exploratory Mission Tropics (PEMT 
A and B) over the South Pacific—focused on 
“background” environments. In the next decade, 
similar experiments addressed increasingly pol- 
luted regions downwind of Asia, North America 
and, most recently, the megacity of Mexico City, 
Mexico. Satellite and model capabilities have in- 
creased dramatically during this time, making it 
essential to harmonize them with in situ observa- 
tions for validated assessments of aerosol direct 
and indirect effects and climate influences (3, 8). 
In this work, we compare consistent mea- 
surements for regions ranging from cleanest to 
most polluted (Fig. 1) and for ~1000 vertical 
profiles employing the same instrumentation (9). 
We focus on aerosol light scattering (0,.), funda- 
mental to assessing column aerosol optical depth 
(AOD), aerosol radiative effects, and aerosol 
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forcing (3), total aerosol number (condensation 
nuclei at ambient temperature, hereafter referred 
to as CNcold, diameter > ~10 nm), and nonvol- 
atile CN (CNhot, diameter > 10 nm, remaining 
at 300°C after a residence time of ~1 to 2 s). All 
are shown at standard temperature and pressure 
to allow direct comparison of concentrations at 
various altitudes and their relation to CO mix- 
ing ratios. Because continuous profiles were 
infrequent, we show regional |-min data for all 
altitudes. The effective profiles are indicated by 
the number of passes through 1- and 4-km al- 
titudes (Table 1). 


The difference between the total number 
(CNcold) and CNhot is defined as volatile CN. 
In the remote free troposphere (FT), these smaller 
volatile aerosols are frequently nucleated in cloud 
outflow and associated with elevated sulfuric 
acid (/0). Their concentrations increase with alti- 
tude over the tropical Pacific and Southern Oceans 
(/1), as predicted by theory (/2), and they are 
typically smaller than the aged primary aerosol 
linked to continental combustion sources that of- 
ten dominate o,, and CNhot (/0, /3). Their smaller 
size makes them less effective as cloud condensa- 
tion nuclei (CCN) and at scattering light or con- 
tributing to AOD. Because CNhot are typically 
larger internal mixtures with a major soluble-mass 
component (/0), they commonly dominate CCN 
at low supersaturations near 0.2%, a value com- 
monly associated with low clouds in the marine 
boundary layer (MBL) (/4). The intermode min- 
imum in MBL size distributions often found near 
60 to 100 nm is a result of activation and cloud 
processing of CCN larger than this size, whereas 
the smaller sizes are not effective CCN in such 
clouds (15). Downwind of source regions we find 
a strong relation between CNhot and a measured 
particle number larger than ~80 to 100 nm, prompt- 
ing our referring to the latter as a proxy for CCN 
(CCNproxy) (/6). This is shown in Fig. 2, A and 
B, for the Intercontinental Chemical Transport 
Experiment (INTEX-B), in which we encountered 
both very clean and polluted air. CNcold clearly 
exceed CCNproxy for all locations, whereas CNhot 
shows a better correspondence. In INTEX-B 
air with low CO (blue) and CCNproxy below 


90 
22 => ! - 
INTEX-B Alaska SQ %Q/ 
a er = 
60 
30 _t =akS r= <a : 
a WY NTRS) InteX-B 
a) "__ INTEX-B - —* i Nay") | Houston 
= . Hawaii 
= . 
S 
0 
-30 
-60 
120 150 180 210 240 270 300 
Longitude 


Fig. 1. Flight tracks for all experiments, as identified in Table 1 and included in the SOM (40). 
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~50 cm °, the CNhot overestimates the integrated 
CCNproxy, but it can also underestimate the 
proxy. These cases are generally a small fraction 
of those in the MBL or those in which o,, con- 
tributes substantially to AOD (Fig. 3). In cases 
such as ACE-1 (A1) and PEMT-B (PB), we use 
data from other instruments to establish regional 
mean CCN and AOD. 

Aerosol light scattering, o,,. measured at 450, 
550, and 700 nm, yields the angstrom exponent, a, 
a nondimensional measure of its wavelength de- 
pendence (/7). a varies with size distribution and 
ranges from ~two for submicrometer accumulation- 
mode particles down to near zero for coarse par- 
ticles such as dust or sea salt (13). We use an a 
of >1.3 to stratify data dominated by smaller 
sizes, characteristic of combustion sources, from 
values influenced by coarse dust or sea salt (red). 
Dust generally dominates coarse sizes, except for 
near-surface maritime altitudes influenced by 
sea salt, as in clean marine settings such as Al, 
PB, and International Transport Experiment-B 
Hawaii, INTEX-B Hawaii (IBH). The integral 
of ambient o,, over altitude approximates col- 
umn AOD, a quantity commonly determined 
from satellites and used to model aerosol optical 
effects (/8). 

Here, we emphasize the relation of aerosol to 
CO because more than 70% of atmospheric CO 
is attributed to fossil fuel or biomass burning 
(79), and much of the latter is anthropogenic. CO 
lifetimes range from a few weeks near the equa- 
tor to a few months nearer the poles (/9). This 
implies changes of less than 15% for transport 
times of about 1 week for springtime Pacific aero- 
sol data discussed here. Figure 2B shows that 
highest CNhot occur in regions of highest CO, 
but their greater change in concentration relative 
to CO reflects more rapid removal via precipita- 
tion scavenging. 


Figure 3 shows vertical profiles CNcold, 
CNhot, and dry o,, for all regions indicated in 
Fig. 1. Data points are colored with CO con- 
centrations to reveal their association with com- 
bustion. Because combustion aerosol is dominated 
by submicrometer sizes, we use @ as a multiplier 
to scale the size of points plotted for o,.. This 
approach visually highlights contributions from 
smaller aerosol sizes (larger a) while visually 
suppressing those dominated by coarse dust and 
sea salt associated with a approaching zero. Be- 
cause most coarse aerosols are not directly asso- 
ciated with CO but can contribute substantially 
to o,, and AOD, their influence is separately re- 
vealed in the adjacent histograms. An o, > 1.3 
separates histograms of scattering values domi- 
nated by submicrometer combustion sources (blue) 
from those influenced by a substantial amount 
of coarse dust or sea salt (red). 

Regional characteristics. The top two rows 
are the least polluted regions with the lowest CO 
values: ACE-1 (A1) near Tasmania and PB in the 
equatorial Pacific in March and April, the season 
of low biomass burning in the Southern Hemi- 
sphere. Both exhibit increasing CN but decreasing 
Ose With altitude and low CNhot fraction, indica- 
tive of numerous small volatile particles. These 
natural volatile aerosols, nucleated homogeneous- 
ly in cloud outflow (20), age during subsidence 
before being entrained into the boundary layer 
(10-12). Although they can grow to CCN sizes 
in the MBL by the addition of mass, o,, in ma- 
rine regions is often dominated by coarse sea salt. 
Point sizes are small (suppressed) for coarse sea salt 
on profile plots, but the histograms reveal where it 
dominates extinction in clean oceanic regions (2/). 
Because CNhot can underestimate CCNproxy due 
to larger volatile aerosols in the cleanest environ- 
ments, we include the campaign mean profile of 
CCN measured during Al at 0.2% S (/4). CCN 


Table 1. Experiment identifiers (Project), number of profiles through 1 and 4 km, dates, number of 
1-min measurements, mean column effective CO in excess of a “background” of 50 parts per billion 
by volume (CO-50), and mean dry differential AOD from o,, over flight altitude for o > 1.3. The 
latter stratification for « > 1.3 also selects for optically effective submicrometer sizes that increase 
with pollution and include the greatest number active as CCN at 0.2 to 0.4% S. 


Number of Number of 

Project profiles Project, aircraft, measurements CO-50 AOD 
and dates (<2 km, 2 to (column) (a@ > 1.3) 

1 km 4 km 4 km, >4 km) 
Al 138 104 ACE-1, C130, 10 Nov to 15 Dec 1995 2373, 957, 1587 20 0.006 
PB 104 73 PEMT-B, P3B/DC8, Mar to Apr 1999 1537, 596, 1566 16 0.012 
PA 96 77 PEMT-A, P3B/DC8, Aug to Sept 1996 1509, 755, 1404 47 0.033 
AA 292 134 Ace-Asia, C130, 30 Mar to 2 May 2001 2665, 933,1253 146 0.209 
TP 129 101 TRACE-P, P3B, 24 Feb to 10 Apr 2001 1592, 1337, 1681 129 0.121 
IBH 28 34 _ INTEX-B, DC8, Hawaii, 23 to 28 Apr 2006 267, 224, 651 78 0.020 
IP 101 136 IMPEX, C130, 17 Apr to 15 May 2006 1103, 1256, 2007 93 0.094 
IBA 32 36 INTEX-B, DC8, Alaska, 4 to 15 May 2006 265, 292, 1034 103 0.056 
AS 45 46 ARCTAS, P3B, 25 Mar to 9 Apr 2008 639, 508, 1484 126 0.144 
IA 185 185 INTEX-A, DC8, 1 Jul to 14 Aug 2004 1813, 928, 2178 72 0.117 
MI 34 101 MIRAGE, C130, 4 to 29 Mar 2006 106, 854, 1085 98 0.281 
IBM 52 50 _ INTEX-B, DC8, Houston, TX, 4 to 19 Mar 2006 693, 671, 818 78 0.232 
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concentrations exceed CNhot below 4 km but are 
similar at higher altitudes where more aged pol- 
luted aerosol was evident (22, 23). 

Data from PEM-Tropics A (PA) are from a 
region similar to PB (Fig. 1) but are taken during 
the biomass burning period and include regions 
along coastal South America. We later separate 
these data into the more remote (PA1) west of 
260°W versus the data nearer South America dom- 
inated by the higher CO values (PA2, orange). 
PA2 data with CO values exceeding ~100 parts 
per billion (ppb) were encountered near 3 km 
altitude off Peru and Equador (Fig. 1) and linked 
to biomass burning in South America, but values 
approaching 100 ppb at 3 to 4 km in the central 
Pacific and associated with excursions in scattering 
and CNhot (24, 25) originated from the western 
Pacific. Between | and 5 km, the relative increase 
iN Og, associated with elevated CO is clearly greater 
than the relative increase in number, indicating that 
aerosol mean size also increases. 

In contrast to clean marine cases, conditions 
over the North Pacific during spring, when Asian 
pollution and dust transport is most active (5, 26), 
are represented in rows [Aerosol Characterization 
Experiment-Asia, ACE-Asia (AA); Transport and 
Chemical Evolution over the Pacific, TRACE-P 
(TP); IBH, Intercontinental and Megacity Pol- 
lution Experiment, IMPEX (IP); Intercontinental 
Chemical Transport Experiment-A (IA); Arctic 
Research of the Composition of the Troposphere 
from Aircraft and Satellite, ARCTAS (AS)]. Aero- 
sol near-source regions are dominated by an- 
thropogenic combustion along with dust for AA 
(27) and biomass burning for TP (26), and near- 
surface CO often exceeds 200 parts per billion by 
volume (ppbv) for both. CN below 1-km range be- 
tween 1000 and 10,000 cm with o,, centered 
near 100 Mm |. The AA histograms show the 
broad range of 6,, for both pollution- and dust- 
dominated cases (a < 1.3). Below 2 km, high o,. 
values for AA are due to both enhanced pollu- 
tion and dust. Both CN and o,, have minima near 
3.5 km, whereas above 4 km, both are influenced 
by long-range transport from European (27) and 
other sources to the west. The similar concentra- 
tions for CN and CNhot aloft confirm the absence 
of smaller volatile aerosols, but the relative in- 
crease in 6,, reveals their larger size. Unlike AA, 
the CN concentrations and o,, during TP differ 
from unperturbed regions (e.g., Al, PB), mostly 
at lower altitudes. Between 2 and 4 km, CN and 
Osc range down to background, except for events 
associated with biomass burning (28, 29), also 
captured in models (30). These differences aloft 
between AA and TP reflect the Hadley circula- 
tion that favors the FT transport of volatile nuclei 
formed in air scavenged by equatorial convection 
to latitudes near 30°N (/0, 7). 

The last three rows in Fig. 3 are regional 
data off the east coast of North America (IA), 
in the vicinity of Mexico City [Megacities Impacts 
on Regional and Global Environments, MIRAGE 
(MD)], and over Mexico [INTEX-B Mexico (IBM)]. 


IA concentrations below 2 km appear similar to 
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those of AA and TP, but with somewhat lower 
CO, possibly because IA occurred in summer. 
Above 2 km, JA also has lower CO concentration 
than AA, but higher number and volatility. MI 
and IBM flights are largely in the subtropics 
over Mexico. As Mexico City is located above 
2 km, emissions can be transported long dis- 
tances in the FT before removal. IBM data from 
regional Mexico exhibit typical elevated o,, and 
CO near the surface. Like TP, values aloft on 
IBM and at times on MI are very similar to the 
cleanest regions (Al, PB), indicating the influ- 
ence of the Hadley circulation bringing nuclei 
northward from equatorial convection. 
Implications of regionally representative 
profiles. The color coding on these Pacific re- 
gional springtime altitude profiles reveals the 
long-range influences of CO from combustion 
sources on hemispheric 6,,, CNcold, and CNhot. 
The contribution of smaller submicrometer aero- 
sols to regional AOD, 3 (a > 1.3) (Table 1) cal- 
culated from dry o,. scales approximately with 
aerosol submicrometer mass. Ambient total AOD 
will exceed values calculated from dry ox. 
profiles by ~30% due to water uptake at ambient 
humidity (37, 32) and ~0.02 contributed from 
aerosol above peak aircraft altitudes (2/, 33). 
These profiles also reveal the influence of deep 
convection (Al, PB, PA) in scavenging aerosol 
mass, evident as lower o,, aloft, but increasing 
concentrations of volatile nuclei in “clean” aged 
air with low CO concentration < 70 ppbv. These 
features, present in all regions south of 30°N 
(Al, PB, PA, IBH, and IBM), demonstrate the 


importance of the Inter-Tropical Convergence 
Zone for both aerosol removal and new particle 
generation, as well as its coupling to the Hadley 
cell circulation and hemispheric aerosol cycling. 
North of 30°N, enhanced CO, o,,, and CNhot in- 
dicate dominant contributions from lofted conti- 
nental combustion aerosols to the west. When 
present, their larger surface area will suppress the 
formation and the aging of smaller “natural” 
aerosols up to CCN sizes due to their preferential 
uptake of precursor gases and/or increasing the 
loss of smaller sizes through coagulation. Such 
combustion-derived aerosols (/6, 34) include 
larger sizes effective as CCN that can influence 
cloud properties far downwind of sources when 
they subside into the MBL (5). 

The clean marine cases in the Southern Ocean 
and equatorial Pacific (Al, PB) reveal low CO, 
low accumulation-mode aerosol, low associated 
CNhot, and a resulting low differential AOD, 3 
near 0.02 (due primarily to natural sulfate). AOD, 3 
values for PA1 during the biomass burning season 
exceeded those for PB and are linked to changes in 
CO profiles. Near major source regions (AA, TP, 
IA, MI, PA2), elevated CO is clearly linked to dry 
accumulation-mode aerosol with large increases 
in AOD, 3 (Table 1). Total AOD is also increased 
by sea salt in marine areas (Al, PA, PB, IBH) or 
dust (AA, TP, MI, IP) in a continental air mass. 
Because dust leaving Asia is often mixed with 
pollution aerosol (29), the latter can also substan- 
tially affect o,, and AOD for o < 1.3 (e.g., AA), as 
revealed in the histograms of o,, for the different 
regions and altitudes. This illustrates the advan- 


tage of using © to scale point sizes and to stratify 
the histograms (Fig. 3) to focus on the smaller 
combustion-related sizes. 

Although INTEX-B Alaska (IBA), IP, IBH, 
and AS profiles occurred downwind of Asia 5 to 
7 years after the AA and TP experiments, it is 
unlikely that possible changes in near-surface 
mean emissions will alter their general features 
discussed here. IBA and IP over the Pacific have 
lower near-surface numbers and scattering rela- 
tive to CO compared with either source regions, 
suggestive of removal in the boundary layer 
during transport. CNhot profiles for IBA indicate 
that about half of the measurements are volatile, 
much more than the near-surface data for AA, 
TP, or AS. As values of 6,, are much higher than 
in regions that favor nucleation, this suggests 
diverse encounters with polluted air and cleaner 
air with high volatile-particle concentrations, 
similar to the TP data above 5 km. CNhot for 
IBA and IP profiles track with the scattering, 
indicative of their relation to larger sizes. Their 
concentrations of 400 to 800 cm ° aloft exceed 
those in the MBL, implying that they provide 
enough nuclei to influence CCN in the MBL after 
subsidence and entrainment (5). 

Enhanced o,, between 2 and 4 km over the 
North Pacific for IP and 3 and 5 km for IBA is 
consistent with frontal lifting of Asian pollution 
over a potential temperature surface sloping to 
the north (5). Observations and models indicate 
that Asian plumes can often subside and entrain 
into the MBL (5), and the Harvard University 
chemical transport model, GEOS-Chem, suggests 
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(orange boxes), where the left sides of the 


boxes are CCNproxy (calculated for diameters larger 


than 100 nm) (21), and the right sides are measured CCN at 0.2% S (23), as shown in the Fig. 3 
A1 profile. A similar relative range is assumed for PB (no measured CCN). The height of the boxes is the associated range in column AOD, after excluding coarse 
sea salt (21), that contributed an additional 0.037 (A1) and 0.022 (PB). CCN sizes activated between 60 and 100 nm are associated with variations of ~0.2 to 
0.4 in supersaturation (14). The apparent AS outlier is because most aerosol (and AOD) is located above 2 km (Fig. 3) where CNhot is about three times greater 
than it is below 2 km. A factor of 3 in CCNproxy would shift this AS point to the right and onto the Andreae line. 
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that European contributions to CO can be 50% 
of Asian sources approaching North America 
(35). However, CO values coming from Europe 
on AA above 4 km (Fig. 3) are near 200 ppbv but 
associated with 6,., below 20 Mm, indicating 
earlier scavenging of accumulation-mode aerosols 
and a small European impact column AOD. In 
contrast, the increase in CNhot near 3 km on TP 
is associated with high o,, linked to biomass burn- 
ing over Southeast Asia. Aerosols from AA and 
TP sources tend to be transported east over the 
North Pacific (36), and both can descend later in 
the region of the North Pacific high (5). 

The color gradient (CO) evident in high o,, 
for major near-surface source regions (AA, TP, IA, 
MI) reveals the strong coupling between CO emis- 
sions and combustion aerosol prior to scavenging. 


CNcold 50 100 


CNhot 


Fig. 3. The first col- 
umn shows CNcold and 


a CO (ppbv) 


Histograms in Fig. 3 show that scattering values on 
profiles near 100 Mm are associated with CO 
near 200 ppbv. Hence, data revealing a relative 
decrease in o,, downwind of sources relative to 
CO values (e.g., AS, IP) indicate scavenging of 
aerosol relative to CO during transport over the 
Pacific. Flights over the western Arctic region (AS) 
consistently found CO concentrations of more 
than 150 ppbv, and almost all CN are nonvolatile 
(Fig. 3). This is consistent with AA and TP as 
source regions. However, highest-number con- 
centrations and o,, are found above 2 km, con- 
sistent with warmer southerly flows being lifted 
over colder Arctic air with lower potential tem- 
peratures. AS histograms of o,. between 2 and 4 km 
appear bimodal around 10 and 40 Mm *. Aero- 
sol chemistry and trace gases indicate that the 
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larger values were dominated by biomass burning 
combustion aerosol. Histograms above 4 km indi- 
cate that Arctic o,, values trend lower and are 
often influenced by dust aerosol. Unlike all other 
regions, the lowest values are below 2 km and sug- 
gest scavenging to the surface where deposition 
of black carbon associated with CO emissions 
can reduce snow albedo (37). 

These data capture the influence of aerosol 
associated with combustion-derived CO on both 
AOD (Table 1) and CCN in diverse regions and 
over global scales. As discussed for Fig. 2, we use 
CNhot as a proxy for CCN at supersaturations of 
~0.2 to 0.4, characteristic of low MBL clouds. In 
Fig. 2C, we plot regional mean values of dry (open 
circles) and ambient (closed squares) AOD, 3 at 
550 nm from Table 1 against this CCNproxy in 
the lowest 2 km. The magnitude, variability, and 
slope for these regional-mean hemispheric data are 
remarkably consistent with the related observa- 
tions of Andreae and his best-fit regression line 
(38). This line lies somewhat above our points, 
probably because (i) some of his AOD is contrib- 
uted by coarse aerosol, and (11) our CNhot can 
include smaller sizes that are not CCN at 0.2 to 
0.4% S. Even so, the variations in campaign aver- 
age values demonstrate that mean perturbations to 
CCN by combustion sources, relative to unper- 
turbed environments, are regionally evident over 
global scales and linked directly to changes in op- 
tical depth due to submicrometer combustion aero- 
sol. This plot also supports the generality of the 
dependency found by Andreae, as well as our claim 
that CNhot is a useful proxy for CCN. 

Conclusions. These vertically resolved mea- 
surements of aerosol and CO over the Pacific 
hemisphere highlight the importance of com- 
bustion and biomass burning commonly linked 
to anthropogenic activities. The cleaner regions 
(Al, PB) have natural sources of volatile CN 
that contribute ~50 to 100 em * CCN in the MBL 
(14, 21). However, the small differences in mean 
CNhot and CNcold for most regional profiles 
influenced by CO suggest that these natural vol- 
atile CCN have been suppressed and far exceeded 
by the larger nonvolatile aerosols associated 
with combustion. Comparisons of AOD, 3, CNhot 
(and CCN), and CO (Fig. 2A) with unperturbed 
regions reveal their large concurrent springtime 
enhancement over the remote Pacific associated 
with combustion, in addition to any recognized 
contributions from dust or sea salt. The data also 
confirm that combustion aerosols contribute to 
direct and indirect forcing (a > 1.3) over similar 
size ranges (39) and over global scales, thereby 
requiring that both effects be considered as a 
coupled issue. These diverse regional data sets 
also provide essential constraints (3) for chal- 
lenging vertically resolved model results and 
interpreting retrievals of CO and AOD from 
remote sensing; they also constitute valuable 
reference data needed to inform policy-makers. 
Summary statistics of the regional profile data 
discussed here are provided for this purpose as 
supporting online material (SOM). 
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Evidence for an Alternative Glycolytic 
Pathway in Rapidly Proliferating Cells 


Matthew G. Vander Heiden,?’23* Jason W. Locasale,~? Kenneth D. Swanson,” Hadar Sharfi,? 
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Proliferating cells, including cancer cells, require altered metabolism to efficiently incorporate nutrients 
such as glucose into biomass. The M2 isoform of pyruvate kinase (PKM2) promotes the metabolism 
of glucose by aerobic glycolysis and contributes to anabolic metabolism. Paradoxically, decreased 
pyruvate kinase enzyme activity accompanies the expression of PKM2 in rapidly dividing cancer cells 
and tissues. We demonstrate that phosphoenolpyruvate (PEP), the substrate for pyruvate kinase in cells, 
can act as a phosphate donor in mammalian cells because PEP participates in the phosphorylation of 
the glycolytic enzyme phosphoglycerate mutase (PGAM1) in PKM2-expressing cells. We used mass 
spectrometry to show that the phosphate from PEP is transferred to the catalytic histidine (His**) on 
human PGAM1. This reaction occurred at physiological concentrations of PEP and produced pyruvate in 
the absence of PKM2 activity. The presence of histidine-phosphorylated PGAM1 correlated with the 
expression of PKM2 in cancer cell lines and tumor tissues. Thus, decreased pyruvate kinase activity in 
PKM2-expressing cells allows PEP-dependent histidine phosphorylation of PGAM1 and may provide an 
alternate glycolytic pathway that decouples adenosine triphosphate production from PEP-mediated 
phosphotransfer, allowing for the high rate of glycolysis to support the anabolic metabolism observed 


in many proliferating cells. 


ne of the major differences observed be- 
tween cancer cells and normal cells is in 
how they metabolize glucose; most cancer 
cells primarily metabolize glucose by glycolysis, 
whereas most normal cells completely catabolize 
glucose by oxidative phosphorylation (/). This 
shift to aerobic glycolysis with lactate production 
(also known as the Warburg effect), coupled with 


increased glucose uptake, is likely used by pro- 
liferating cells to promote the efficient conver- 
sion of glucose into the macromolecules needed 
to construct a new cell (2). The glycolytic enzyme 
pyruvate kinase is alternatively spliced to produce 
either the M1 (PKM1) or M2 (PKM2) isoforms 
(3). The splice isoform of pyruvate kinase ex- 
pressed in cells influences the extent to which 


glucose is metabolized by either aerobic glycolysis 
or oxidative phosphorylation. Cells expressing 
PKM2 produce more lactate and consume less 
oxygen than cells expressing PKM1 (4). Consist- 
ent with this metabolic phenotype, all cancer cells 
studied to date exclusively express PKM2, where- 
as cells in many normal differentiated tissues ex- 
press PKM1. PKM2 differs from PKM1 in that its 
activity can be negatively regulated in response to 
growth factor signaling by binding to tyrosine- 
phosphorylated proteins (5, 6). Paradoxically, it is 
this ability to interact with tyrosine-phosphorylated 
proteins, and to decrease pyruvate kinase activity, 
that appears to be important for cell proliferation 
(5). This selection for the decreased activity of a 
rate-limiting glycolytic enzyme appears inconsistent 
with the increased glucose use that is charac- 
teristic of cancer cells. However, complete catabo- 
lism of pyruvate to CO, may be counterproductive 
in a dividing cell because it may limit the availability 
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of precursors and reducing potential necessary to 
produce biomass. 

PKM2 is less active than PKM1 in vitro and in 
cells. We directly compared the specific activity 
of PKM1 and PKM2 both in vitro and in cell 
lysates (7). Recombinant PKM1 enzyme had a 
high specific activity that was independent of 
the PKM2-specific allosteric activator FBP (Fig. 
1A) (8). The specific activity of PKM2 that is 
fully activated by FBP is about half that of 
PKM1. The property of PKM2 that appears to 
promote cell proliferation in vivo is its interac- 
tion with tyrosine-phosphorylated proteins and 
consequent release of FBP. In the absence of FBP, 
PKM2 had less than one-quarter of the activity of 
PKM1 (Fig. 1A). To determine whether the dif 
ferences in activity observed with recombinant 
enzymes are also seen in cells, we measured pyru- 
vate kinase activity in lysates from cells engi- 
neered to express equivalent amounts of either 
PKM1 or PKM2 in the absence of the other isoform 
(Fig. 1B). Under these identical conditions, PKM2 
expression provides a selective advantage for 
growth in vivo (4). Lysates from PKM2-expressing 
cells exhibited less than half the pyruvate kinase 


Fig. 1. Evidence of PEP- A i990 
dependent phosphoryl- @ 900 - 
ation of a 25-kD protein 
in PKM2-expressing cells 
with less pyruvate kinase 
activity. (A) 6xHis-tagged 
human PKM1 and PKM2 
were expressed in Esche- 
richia coli and purified by 
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activity of lysates from cells expressing the equiv- 
alent amount of PKM1 (Fig. 1C). Thus, the selec- 
tion for PKM2 expression in proliferating cells is 
accompanied by a decrease in total cellular pyruvate 
kinase activity. 

Donation of phosphate from phosphoenol- 
pyruvate to a cytosolic protein of about 25-kD. It 
is possible that the relative decrease in PKM2 
activity allows an upstream metabolite in glycol- 
ysis to signal energy status or to be shunted to an 
undiscovered, or underappreciated, metabolic 
pathway required for cell division. The substrate 
for pyruvate kinase in cells is phosphoenolpyr- 
uvate (PEP). Bacteria use PEP as the initial phos- 
phate donor for protein phosphorylation in a 
signaling cascade that regulates carbohydrate 
metabolism in response to nutrient availability 
(9, 10). In addition, transfer of the PEP phosphate 
to a protein occurs as an enzymatic intermediate 
within the Calvin cycle of C4 plants (1/7, 12). This 
prompted us to explore the possibility that PEP 
might transfer its phosphate to a protein in mam- 
malian cells. We generated [**P]PEP (fig. S1) 
and tested hypotonic lysates from human embry- 
onic kidney (HEK) cells for the presence of 
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such a PEP-dependent protein phosphorylation 
activity. Incubation of extracts with [y-*P adenosine 
triphosphate (ATP) resulted in numerous “P-labeled 
proteins, and the **P-labeling of these proteins was 
abolished after addition of a 100-fold excess amount 
of nonradioactive ATP (Fig. 1D). No decrease in 
incorporation of phosphate fiom [y-’PJATP was 
observed in the presence of excess nonradioactive 
PEP. However, incubation of cell extracts with 
[°P]PEP resulted in the incorporation of “P into 
several proteins, the most prominent of which 
resolved at a relative molecular size of about 25-kD 
by SDS-polyacrylamide gel electrophoresis (PAGE). 
The *’P-labeling of this protein was eliminated 
after addition of excess amounts of nonradio- 
active PEP but not by excess nonradioactive ATP, 
consistent with PEP acting as the phosphate donor 
(Fig. 1D). Other purine nucleotides, including 
guanine triphosphate (GTP), did not compete 
with *°P-labeled PEP to phosphorylate the 25-kD 
protein, and phosphorylation of a 25-kD protein 
was observed in extracts from multiple cell lines 
incubated with [**P]PEP (fig. $2). Cytoplasmic 
concentrations of PEP are less than 30 uM in 
eukaryotic cells (13, 14). To determine whether 
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active competitor ATP or PEP. (E) Cell lysate was incubated with [?2P]PEP in the 
presence of the indicated concentration of nonradioactive competitor PEP 
before analysis by SDS-PAGE and autoradiography. (F) Cell lysate was incu- 

P-labeled PEP as above, and the pH of the reaction was changed 
to pH 1 or pH 13. Reactions were incubated for 2 hours at 65°C before analysis 
by SDS-PAGE and autoradiography. 
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phosphorylation of this protein is possible at 
low uM concentrations of PEP, we added in- 
creasing concentrations of nonradioactive PEP to 
estimate the Michaelis constant (K,,) for PEP in 
the reaction (Fig. 1E). Increasing the amount of 
unlabeled PEP above 10 uM resulted in de- 
creased **P-labeling of the 25-kD protein, suggest- 
ing that the K,, for PEP involved in this reaction 
is in a range where this reaction could occur at 
concentrations of PEP present in cells. 
PEP-dependent phosphorylation of the 25-kD 
protein on histidine. The phosphorylation reac- 
tion involving PEP in bacterial two-component 
signaling and the analogous PEP-dependent 
protein phosphorylation as an enzymatic inter- 
mediate in C4 plants both involve transfer of the 
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PEP phosphate to a histidine residue. O-linked 
protein phosphates such as those seen upon phos- 
phorylation of serine, threonine, or tyrosine residues 
are stable under acidic conditions (/5, 6). In con- 
trast, N-linked protein phosphates such as phos- 
pholysine or phosphohistidine are labile at low pH 
but stable under basic conditions. Therefore, we 
exposed protein extracts that had been incubated 
with [°?P]PEP to acidic or basic conditions before 
analysis by SDS-PAGE and autoradiography. The 
*°P signal was lost after incubation at pH 1 but 
retained at pH 13 (Fig. 1F), which is consistent 
with an N-linked phosphate resulting from PEP- 
dependent phosphorylation of the 25-kD protein. 
Incubation of [**P]ATP-labeled lysates at pH 1 re- 
sulted in no loss of protein phosphorylation, indicat- 
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ing that loss of signal from the PEP-phosphorylated 
protein at low pH was not the result of nonspecific 
acid hydrolysis. Consistent with a N-linked phos- 
phorylation, in “standard” phosphoaminoacid 
analysis involving acid hydrolysis of the 25-kD 
PEP-phosphorylated protein all of the resulting 
radioactivity migrated as inorganic phosphate (P;) 
on thin-layer electrophoresis (fig. S3A). During 
reverse-phase thin-layer chromatography after 
base hydrolysis, the **P migrated with phospho- 
histidine, consistent with histidine as the target of 
PEP-dependent phosphotransfer (fig. S3B). 
Identification of the 25-kD PEP-phosphorylated 
protein as phosphoglycerate mutase. The PEP- 
utilizing phosphorylating activity and the 25-kD 
target of phosphorylation were present in the 
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sis by 2D-IEF and SDS-PAGE. An aliquot of each fraction was analyzed by SDS- 
PAGE and autoradiography. Flow-through fractions are indicated as FT. (B) The 
acetone-precipitated 350 mM salt fraction described in (A) was separated by 
2D-IEF and SDS-PAGE, and the P-labeled species was identified by autoradi- 
ography. (C) The acetone-precipitated 350-mM salt fraction prepared as 
described in (A) was separated by 2D-IEF and SDS-PAGE, and proteins were 
identified by Coomassie stain. The species corresponding to the **P-labeled 
species is indicated with an arrow. (D) HEK293 cells were transiently transfected 
with control plasmid (Control), a N-terminally FLAG-tagged PGAM1 comple- 
mentary DNA (cDNA) (N-FLAG PGAM1), or a C-terminal triple FLAG-tagged 
PGAM1 cDNA (3xC—FLAG PGAM1). Hypotonic lysates from these cells were 
incubated with [?@P]PEP alone (Ctrl) or in the presence of 1 mM cold com- 
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petitor ATP or PEP. The products of these reactions were separated by SDS- 
PAGE and analyzed by autoradiography. Protein immunoprecipitated with an 
antibody to FLAG from the reactions without nonradioactive competitor were 
also analyzed by SDS-PAGE and autoradiography. (E) Recombinant 6xHis- 
tagged PGAM1 (rPGAM1) was produced in E. coli and purified by Ni affinity 
chromatography. Increasing quantities of rPGAM1 were incubated with 10 ug 
of HEK293 cell lysate and [?*P]PEP. The phosphorylation of both the endog- 
enous PGAM1 present in the cell lysate and rPGAM1 was determined by SDS- 
PAGE and autoradiography. (F) Cell lysates were incubated with [°“P]PEP in 
the absence (Ctrl) or presence of NaF or exogenously added rabbit muscle 
enolase enzyme (Eno). The labeling of PGAM1 was determined by SDS-PAGE 
and autoradiography. 
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S100 cytosolic fraction of HEK293 cells and 
were retained in the flow-through fractions of 
both a strong cation exchange column and a 
CIINP column, which contained a resin we syn- 
thesized as a possible PEP affinity column. We 
fractionated the previously phosphorylated 25-kD 
target by both anion exchange and hydroxy- 
apatite chromatography using salt elution but 
were unable to detect phosphorylation activity 
within any of the fractions from these columns 
upon their incubation with [**P]PEP. This is con- 
sistent with the presence of an enzymatic transfer 
of phosphate from PEP to a protein and a sep- 
aration of the 25-kD target protein from an 
activity required for the observed phosphoryl- 
ation. We purified the target protein by collecting 
the flow through fractions from an S100 protein 
extract passed sequentially through a C11NP col- 
umn and a strong cation exchange (S) column. 
The [**P] PEP was added to this partially frac- 
tionated lysate to label the 25-kD protein, and the 
resulting **P-labeled protein was then sequen- 
tially fractionated over three columns to effect the 
maximal recovery of the target protein (Fig. 2A). 
The proteins in the fraction from the strong anion 
exchange (Q) column containing the 3?P_labeled 
25-kD protein were precipitated with acetone and 
subjected to two-dimensional (2D) electrophore- 
sis (Fig. 2, A and B, and fig. S4). Analysis of the 
2D sequential isoelectric focusing (IEF) and SDS- 
PAGE gel by autoradiography identified a single 
radioactive isoelectric species (pI = ~6.2) at 25-kD 
(Fig. 2B). The *?P-labeled spot corresponded to 
the most acidic Coomassie-stained spot in a series 
of several adjacent isoelectric species at 25-kD 
on a Coomassie-stained gel (Fig. 2C). In-gel tryp- 
sin digestion followed by microcapillary liquid 
chromatography-tandem mass spectrometry (LC/ 
MS/MS) with protein database searching identi- 
fied the P-labeled species as well as the adja- 
cent species to be different isoelectric forms of 
the glycolytic enzyme phosphoglycerate mutase 
1 (PGAM1) (table S1). 

To confirm that PGAM1 was indeed the target 
of PEP phosphorylation, we transiently transfected 
FLAG-tagged PGAM1 constructs into HEK293 
cells and incubated lysates from these cells with 
[°°P]PEP. When the proteins in these reactions 
were analyzed by SDS-PAGE and _autoradi- 
ography, a second *?P-labeled species of greater 
molecular weight corresponding to the size of the 
epitope-tagged PGAM1 was observed (Fig. 2D 
and fig. SSA). The larger species was removed 
and recovered by immunoprecipitation with an 
antibody to FLAG, and its labeling with **P was 
blocked with excess nonradioactive PEP but not 
with excess nonradioactive ATP (Fig. 2D). Thus, 
the *P from [*“P]PEP can be transferred to PGAMI1. 
To confirm that the 25-kD protein labeled from 
[°°P]PEP is also PGAML, we incubated lysates from 
control- and epitope-tagged PGAM 1 -transfected cells 
with [?°P]PEP and subjected them to limited 
proteolysis. When analyzed by SDS-PAGE, both 
the control lysates and those containing FLAG- 
tagged PGAM1 produced identical patterns of 
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*P_labeled peptides after limited proteolysis (fig. 
S5B). Lastly, recombinant PGAM1 added with 
[?P]PEP to a fixed amount of cell lysate could 
compete for phosphorylation of endogenous 
PGAMI (Fig. 2E). These data demonstrate that 
PGAMI can be phosphorylated by PEP. 

PGAM1 phosphorylation is independent of 
enolase activity. Although recombinant PGAM1 
can be phosphorylated by [?P]PEP in cell lysates, 
purified recombinant PGAM1 is not a direct sub- 
strate (fig. SSC), indicating that an enzymatic ac- 
tivity in cell lysates is required to catalyze PGAM1 
phosphorylation by PEP. PGAM1 acts as an en- 
zyme in glycolysis to interconvert 3-phosphoglycerate 
(3PG) and 2-phosphoglycerate (2PG) through a 
phosphohistidine intermediate (/7). Because PEP 
can be converted by the glycolytic enzyme eno- 
lase into 2PG, it seemed possible that the PEP- 
dependent phosphorylation of PGAM1 that we 
observed in cell lysates involved conversion of 
[°°P]PEP into [*?P]2PG by enolase, followed by 
transfer of the [**P]phosphate from 2PG to the 
catalytic histidine of PGAM1. We therefore in- 
creased enolase activity by addition of exogenous 
enolase enzyme or decreased it by addition of the 
enolase inhibitor NaF (/8) to cell lysates (fig. S6). 
The inhibition of enolase activity with NaF had 
minimal effect on the transfer of **P from PEP to 
PGAMI (Fig. 2F). Furthermore, the addition of 
exogenous enolase prevented the transfer of *°P 
from PEP to PGAM1 presumably by converting 
[°P]PEP to 2PG. These data indicate that conver- 
sion of PEP to 2PG by enolase is not involved in 
the observed phosphotransfer from PEP to PGAM1. 

Phosphorylation of PGAM1 on the catalytic 
histidine (His**) by the phosphate from PEP. To 
determine whether the phosphate from PEP was 
transferred to one or more sites on PGAM1, we 
labeled PGAM1 with *°P from PEP, digested the 
protein with trypsin, and analyzed the resulting 
peptides by 2D thin-layer chromatography and 
thin-layer electrophoresis followed by autoradi- 
ography (fig. S7A). This revealed a single **P- 
labeled species, indicating that only a single site 
is phosphorylated on PGAM1 in the reaction 
with PEP. 

Phosphoaminoacid analysis indicated that 
PGAM1I was phosphorylated on a histidine resi- 
due (fig. S3). To determine which histidine residue 
was phosphorylated, we incubated recombinant 
PGAMI with [**P]PEP and HEK293 cell lysate 
and recovered the [°P|PGAMI through asso- 
ciation with Ni-agarose beads (fig. S7B). This 
[?P]PGAMI was then digested with trypsin, and 
the resulting peptides were separated by high- 
performance liquid chromatography (HPLC) (Fig. 
3A). A single **P-labeled peptide was observed. 
HPLC fractions were collected to confirm which 
peak contained the **P-labeled peptide (fig. S7, C 
and D), and the fraction containing the *’P-labeled 
peptide was sequenced by LC/MS/MS using a 
hybrid linear ion trap—orbitrap mass spectrometer 
with use of the higher energy collision dissociation 
cell (HCD) (/9). HCD was required to clearly 
resolve the low mass fragment ions to show that 
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the site of phosphorylation in the peptide sequence 
was localized to His'! (H11) of PGAMI (Fig. 3B 
and fig. S8). Detection of histidine phosphoryl- 
ation using mass spectrometry is challenging but 
has previously been reported (20-23). The pHis 
site was confirmed by using two different com- 
mercially available database search algorithms 
[Mascot (24) and Sequest (25)] with statistically 
significant scores. Consistent with H11 being the 
residue phosphorylated, mutation of H11 to Asp!’ 
abolished transfer of ’P from PEP to PGAM1 (Fig. 
3C). To confirm that the phosphate at H11 is from 
exogenously added PEP rather than a phosphate 
that was present before cell lysis, we incubated 
recombinant PGAMI with ['*O]phosphate-labeled 
PEP (fig. S9) in the presence of 1 mM normal 
isotopic ATP and HEK293 cell lysate and then 
isolated PGAM1 with Ni-agarose beads, digested 
it with trypsin, and separated the peptides by 
HPLC. The peptide fraction containing H11 was 
analyzed by orbitrap mass spectrometry in Fourier 
transform mass spectrometry (FT-MS) mode, and 
several isotopic species were identified that cor- 
responded to the H11-phosphorylated peptide (Fig. 
3D). The heavy isotopic forms were consistent 
with 'SO labeling of the phosphate that was trans- 
ferred to the peptide from the ['SO]PEP rather than 
from the normal isotopic ['SOJATP. These data 
demonstrate that the phosphate group from PEP is 
transferred to H11 of PGAM1. 

Association of PGAM1 phosphorylation with 
pyruvate generation from PEP in the absence of 
pyruvate kinase. Because the [**P]phosphate 
(and ['SO]phosphate) from PEP is transferred 
to the catalytic histidine of PGAM1, we wondered 
whether we were observing a net increase in H11 
phosphorylation of PGAM1 or merely observing 
an exchange of phosphate already present on 
PGAM1 with phosphate from PEP (as can occur 
during the interconversion of 2PG and 3PG). To 
address this issue, we added recombinant PGAM1 
to a cell extract in the presence or absence of PEP. 
These extracts were then subjected to 2D gel 
electrophoresis and analyzed by Western blot with 
an antibody to PGAM. Consistent with PEP 
phosphorylation of H11, a new, more acidic iso- 
electric species of both endogenous and recombi- 
nant PGAM1 was detected in the PEP-containing 
lysate (Fig. 4A). No change in the isoelectric forms 
of PGAM1 was observed when lysates were incu- 
bated with ATP instead of PEP (fig. S10A). To 
confirm that this species did indeed represent the 
H11-phosphorylated form of PGAM1, we added 
PEP to a cell lysate to phosphorylate PGAM1 
and then incubated the reaction either at neutral 
pH or at pH 2 to chemically disrupt H11 phos- 
phorylation. Analysis of 2D Western blots with an 
antibody to PGAM1 showed that incubation at 
pH 2 resulted in loss of the most acidic PGAM1 
species (fig. S10B). Therefore, we concluded that 
2D Western blots could be used to assess H11 
phosphorylation status in cells. These data also 
demonstrate that PEP can cause a net increase in 
H11-phosphorylated PGAM1 and that the phos- 
phorylation of PGAM we observe cannot be ac- 
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counted for by exchange of the PEP phosphate 
with a previously phosphorylated H11. 

To determine whether H11-phosphorylated 
PGAM1 is catalytically competent for enzymatic 
activity, we assayed the ability of PEP-phosphorylated 
PGAM1 to convert 3PG to 2,3-bisphosphoglycerate 
(2,3-BPG), the intermediate in 3PG to 2PG con- 
version (26). Recombinant His-tagged PGAM1 
was incubated with PEP and cell extract to allow 
phosphorylation on H11, and the protein was re- 
covered through association with Ni-agarose 
beads. Addition of 3PG to the recovered PGAM1 
resulted in 2,3-BPG production as determined by 
selected reaction monitoring (SRM) using hybrid 
quadrupole linear ion trap mass spectrometry (fig. 
S11). Thus, phosphorylation of PGAM1 by PEP 
leads to an enzyme species that is active to carry 
out the known enzymatic function of PGAM1. 

We fractionated a cell lysate over a weak 
anion exchange column and isolated the PEP- 
dependent PGAM1-phosphorylating activity in a 
fraction that was separate from the enolase- 
containing fraction as determined by both en- 
zyme activity assays and Western blot (Fig. 4, B 
and C, and fig. S12A). The fraction containing 
the PGAM1-phosphorylating activity was also 
separated from pyruvate kinase, as determined by 
both enzyme activity assay and Western blot. In 
support of this finding that pyruvate kinase is not 
involved in the transfer of phosphate to PGAM1, 
we found that short hairpin RNA knockdown of 
pyruvate kinase resulted in the enhanced ability 
of a cell lysate to transfer *°P from **P-labeled 
PEP to PGAM1 with no change in the level of 
PGAM 1 protein (fig. S12, B to D). It has been 
reported that a complex containing the nucleoside 
diphosphate kinase nm23 and glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) can phospho- 
rylate PGAM1 (27). However, neither GAPDH 
nor nm23 copurify in substantial quantities with 
the PEP-dependent PGAM1-phosphorylating ac- 
tivity (fig. S12E), suggesting that these proteins 
are not involved in the activity we observe. 

We further investigated the consequences 
of metabolizing PEP through phosphotransfer 
to PGAM1. To test whether PEP is converted 
to pyruvate during the phosphotransfer reaction, 


we incubated the anion exchange fraction contain- 
ing the PGAM1-phosphorylating activity (D500 
fraction) with ['°C]PEP and recombinant PGAM1. 
Similar reactions with a whole-cell lysate served 
as a positive control, and a ['*C]PEP sample that 
contained no cellular material served as a neg- 
ative control. We then extracted metabolites from 
the resulting reactions to study the products 
derived from the labeled PEP by ['H, °C] hetero- 
nuclear single-quantum coherence (HSQC) nucle- 
ar magnetic resonance (NMR) (28). We detected 
['°C]pyruvate in the whole-cell lysate as determined 
by an isolated peak corresponding to a '*C-labeled 
methyl group of pyruvate (29). No pyruvate was 
observed in the mock-treated control, indicating 
that PEP did not undergo spontaneous dephos- 
phorylation and tautomerization to pyruvate un- 
der the reaction conditions. Incubation with the 
anion exchange fraction containing the PGAM1- 
phosphorylating activity also caused generation 
of pyruvate. The amount of ['*C]pyruvate pro- 
duced by the D500 fraction was about 50% of the 
amount produced by a whole-cell lysate (Fig. 4D). 
Thus, one or more factors in the partially purified 
fraction from cell lysates lacking pyruvate ki- 
nase mediates PEP-dependent phosphorylation of 
PGAM1 and conversion of PEP to pyruvate. 

The ['*C]pyruvate was produced from PEP in 
the D500 fraction at a rate of about 30 to 60 uM/min. 
Given that the number of PGAM1 molecules in 
this fraction is small relative to the number of PEP 
molecules consumed, this fraction must also con- 
tain the ability to release P;. To determine whether 
P; production from PEP also occurred in this 
fraction, we incubated the D500 fraction with 
[°P]PEP and recombinant PGAMI and assessed 
the release of *”P; over time (fig. S13A). We also 
tested whether the rate of P; production was en- 
hanced by PGAM1. Addition of PGAM1 should 
have no impact on (or should decrease) the rate of 
P; production from PEP if this reaction is in- 
dependent of PEP-mediated PGAM1 phosphoryl- 
ation. However, PGAM1 addition stimulated P; 
production in the fraction lacking pyruvate kinase 
(fig. S13B), suggesting a link between PEP- 
dependent PGAM1 phosphorylation and PEP-to- 
pyruvate conversion with P; release. These results 


RESEARCH ARTICLES [ 


suggest that release of P; from either phosphoryl- 
ated PGAM1, PEP, or both occurs in this fraction 
and accounts for how PEP to pyruvate conversion 
can occur at a rate that is super-stoichiometric to 
the amount of PGAM1 present. 

Selective detection of PGAM1 H11 phosphoryl- 
ation and altered glycolytic regulation in PKM2- 
expressing cells and tumor tissues. To test whether 
increased H11 phosphorylation of PGAM1 
might be characteristic of PKM2-expressing cells 
as a consequence of their lower pyruvate kinase 
activity, we engineered H1299 and A549 lung 
cancer cells to express either PKM1 or PKM2 
(4). PGAM1 expression was similar regardless of 
which pyruvate kinase isoform was present (fig. 
S14A). However, when the isoelectric forms of 
PGAM1 were assessed by 2D Western blot, only 
lysates prepared from PKM2-expressing cells 
had detectable amounts of the most acidic species 
that correspond to H11-phosphorylated PGAM1 
(Fig. 5A and fig. S14B). Thus, switching cells 
from PKM2 to PKM1 expression reduced the 
amount of H11 phosphorylated PGAM1. 

Accumulation of PEP in cells should enhance 
PGAM1 phosphorylation. Because the PGAM1 
mutase reaction involves a 2,3-BPG interme- 
diate (24), this in turn should drive conversion 
of 3PG to 2,3-BPG (fig. S15). Accordingly, acute 
inhibition of pyruvate kinase in cells with PEP- 
dependent PGAM1 phosphorylation activity 
should increase 2,3-BPG levels. To test this hy- 
pothesis, we acutely inhibited PKM2 activity in 
cells by addition of pervanadate to increase pro- 
tein tyrosine phosphorylation (5). Pervanadate has 
no effect on PKM1 activity (5); thus, comparing 
the response of PKM2-expressing cells to PKM1- 
expressing cells separates the effects of acute 
PKM2 inhibition from other effects of pervana- 
date on metabolism. Acute inhibition of PKM2 
leads to about a twofold increase in PEP and a 
yet larger increase in 2,3-BPG (Fig. 5B), sug- 
gesting that glycolysis involving PGAM1 phos- 
phorylation by PEP occurs in PKM2-expressing 
cells and that relative flux through this alterna- 
tive pathway is increased when PKM2 is inacti- 
vated by interaction with tyrosine phosphorylated 
proteins. 


Fig. 3. Transfer of the phosphate of PEP to H11 of PGAM1. (A) Recombinant 
6xHis-tagged PGAM1 (rPGAM1) was phosphorylated by [°2P]PEP in a cell ex- 
tract and recovered by binding to Ni-agarose beads. The [>@P]rPGAM was then 
digested with trypsin, and the peptides were separated by using HPLC. A chro- 
matograph identifying peptide peaks by absorbance at 208 nm and the pres- 
ence of ~“P determined by in-line scintillation counting is shown. The peptide 
peak eluting at ~26 min containing *’P is delineated with an arrow. (B) The 
HCD MS/MS spectrum for the phosphorylated histidine—containing peptide 
pHGESAWNLENR (A, Ala; E, Glu; G, Gly; L, Leu; N, Asn; R, Arg; S, Ser; W, Trp) 
acquired by using a hybrid LTQ linear ion trap—Orbitrap XL mass spec- 
trometer (Thermo Fisher Scientific, San Jose, CA). The a,/pHis immonium ion 
along with the b- and y-series fragment ions are all consistent with the site of 
phosphorylation localized to the His1 position of the peptide (H11 in PGAM1). 
Phosphate losses observed are typical of His phosphorylation (21). The His** 
phosphorylation site was confirmed by using both Sequest (www.thermofisher. 
com/globaVen/products/home.asp) and Mascot (www.matrixscience.com) 
database search engines with a statistically significant expectation value of 
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0.078. (C) Extracts were prepared from HEK293 cells transiently transfected with 
N-terminally FLAG-tagged PGAM1 (Ctrl) or N-terminally FLAG-tagged PGAM1 
where H11 was mutated to N (H11N). Expression of both FLAG-tagged proteins 
in relation to endogenous PGAM1 was determined by Western blot using anti- 
PGAM1. The same extracts were incubated with [?2P]PEP, and phosphorylation 
of PGAM1 determined by SDS-PAGE and autoradiography. (D) rPGAM1 was 
incubated with a cell extract containing [‘®O]phosphate-labeled PEP and 
normal isotopic ({‘°O]phosphate) ATP before recovery of the H11-containing 
tryptic peptide by HPLC as described in (A). This peptide was analyzed by 
microcapillary LC/MS using the high mass accuracy of the FT-MS—only scan in 
a LTQ Orbitrap-XL mass spectrometer at 30,000 resolution obtaining sub— 
2-parts-per-million mass accuracy. The peaks at mass/charge (m/z) = 697.79, 
698.79, and 699.79 represent the doubly charged phosphorylated peptide 
pHGESAWNLENR that is heavy by two, four, and six mass units corresponding 
to the incorporation of one, two, and three 18Q-labeled oxygen atoms, re- 
spectively. The peak at m/z = 696.79 represents the phosphorylated peptide 
containing unlabeled oxygen atoms. 
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Fig. 4. Association of PGAM1 phosphorylation with A 
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[°C]PEP was incubated with a HEK293 cell S100 
fraction (Cell lysate) or the 500 mM NaCl fraction aEnolase qi 
described in (B) (D500), which contained the PGAM1- 
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sured by integrating the intensity of the pyruvate peak and dividing by the intensity of the internal standard consisting of 2 mM 4,4-dimethyl-4-silapentane-1-sulfonic 
acid for each [*H,°C] HSQC spectra collected. This ratio is graphed for each condition. 


Fig. 5. Phosphorylation of PGAM1 H11 in cellsand A 
tissues expressing PKM2. (A) Lysates from A549 lung 
cancer cells engineered to express either PKM1 or 
PKM2 were subjected to 2D IEF and SDS-PAGE and 
analyzed by Western blot by using anti-PGAM1 PKM1 
(aPGAM1) as shown. The most acidic species cor- 

responding to H11 phosphorylation is indicated with 

an arrow. (B) Metabolites were extracted from 

H1299 cells engineered to express either PKM1 or PKM2 . # 
PKM2 that were untreated or treated with the 

phosphatase inhibitor pervanadate (PV) for 10 min 

to acutely inhibit PKM2. PKM2 activity is decreased 

by PV treatment, whereas PKM1 activity is not i 
changed (5). The levels of 2,3-BPG and PEP in each 
extract were determined by mass spectrometry, and c 
the changes in 2,3-BPG and PEP levels resulting 
from PV treatment are shown for both PKM1- and 
PKM2-expressing cells. (C) Prostate tissue was 
removed from 12-week-old mice harboring a 
conditional allele of the Pfen tumor suppressor gene 

that also did (Pten"“~) or did not (Pten”*”*) contain 

a transgene to express Cre recombinase in the pros- 

tate to delete Pten. The Pten’“’ was confirmed to 

have high-grade prostate neoplasia by histology. The 
expression of PKM1 or PKM2 in each tissue was 
determined by Western blot as shown. (D) Prostate 
tissue lysates from the same mice described in (C) 

were subjected to 2D IEF and SDS-PAGE and analyzed 

by Western blot using anti-PGAM1 as shown. The most acidic species corre- 
sponding to H11 phosphorylation is indicated with an arrow. (E) A breast tumor 
(cancer) was removed from a 9-month-old mouse harboring a conditional allele 
of the Brca1 tumor suppressor gene and a transgene to express Cre recombinase 
in the breast to delete Brca1. Normal breast tissue was removed from a mouse not 
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expressing Cre and hence where Brca1 was not deleted in the breast. Normal 
breast expresses PKM1; breast tumors express PKM2 (4) (fig. S14C). Lysates from 
the normal breast tissue and the breast tumor were subjected to 2D IEF and SDS- 
PAGE and analyzed by Western blot using anti-PGAM1 as shown. The most acidic 
species corresponding to H11 phosphorylation is indicated with an arrow. 
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Tumors express PKM2, whereas PKM1 is 
expressed in many normal tissues (3, 4). To de- 
termine whether a correlation between PGAM1 
H11 phosphorylation status and PKM2 expres- 
sion could also be observed for cancers in vivo, 
we analyzed tissues from animals by 2D Western 
blot with an antibody to PGAM. PKM1 was 
expressed in normal prostate tissue, whereas 
neoplastic prostate tissue expressed PKM2 (Fig. 
5C). Analysis of these same cell lysates by 2D 
Western blot with an antibody against PGAM1 
(anti-PGAM1) revealed that the isoelectric species 
corresponding to H11-phosphorylated PGAM1 
was only detectable in the neoplastic prostate 
tissue (Fig. 5D). In a mouse with breast-specific 
deletion of the Brcal tumor suppressor gene, 
breast tumor tissue had an even more dramatic 
shift in isoelectric migration of PGAM1 associated 
with the H11-phosphorylated species (Fig. SE), 
and this correlated with expression of PKM2 
(fig. S14C). Thus, PEP-dependent phosphoryl- 
ation of H11 on PGAM1 likely occurs in tumors 
as well as in cell lines expressing PKM2. 

Discussion. We have shown that the high- 
energy phosphate of PEP can be transferred to 
the catalytic histidine (H11) of PGAM1 by an 
enzymatic process that does not require enolase- 
dependent conversion to 2PG. Phosphorylation 
of H11 is known to be required for PGAM1 
catalytic function, and 2,3-BPG has been charac- 
terized as the cofactor required for PGAM1 acti- 
vation (/7). Our results reveal that PGAM1 can 
also be activated by PEP. The activity that cat- 
alyzes phosphate transfer from PEP to PGAM1 is 
separable from the well-known PEP-metabolizing 
enzymes, pyruvate kinase and enolase, and the 
by-product of the reaction appears to be pyruvate. 
Importantly, we find that, in cells expressing 
PKM2, a significant fraction of PGAMI1 mi- 
grates at an isoelectric point consistent with the 
phospho-H11 species and that replacing PKM2 
with the more active PKM1 isoform results in 
disappearance of this species. These results are 
consistent with a model where PKM2-expressing 
cells use a greater fraction of PEP for charging 
PGAML and less for the synthesis of ATP. 

Despite the fact that PGAM1 has not been 
considered a rate-limiting enzyme in glycolysis, 
the differential H11 phosphorylation of PGAM1 
we observed in PKM2- versus PKM1-expressing 
cells and tissues suggests that this enzyme may 
have a previously unappreciated regulatory func- 
tion in controlling glycolysis in proliferating cells. 
PGAM1 is unique among the glycolytic enzymes 
in that its transcription is regulated by the tumor 
suppressor p53 (30), and increased expression of 
PGAML has been reported to immortalize primary 
cells through an unknown mechanism (3/7). PGAM1 
was also identified as the target of a compound 
from a chemical genomics screen for molecules 
that inhibit breast cancer cell growth (32). Thus, 
one important consequence of down-regulating 
PKM2 activity by tyrosine kinases may be to 
increase H11-phosphorylated PGAM1. Phospho- 
rylation of H11 on PGAM1 increases the mutase 
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function of the enzyme. This generates a positive 
feedback loop such that production of PEP in- 
creases the enzymatic activity of PGAM1. One 
possibility is that this feedback loop may promote 
the redistribution of metabolites upstream of 
PGAM1 into biosynthetic pathways that branch 
from glycolysis. 

We propose that, in addition to pyruvate kinase, 
another activity to convert PEP into pyruvate may 
be active in cells (fig. S15). The existence of such 
an alternate glycolytic pathway may explain how 
cancer cells with less pyruvate kinase activity 
continue to display a high rate of glycolysis. The 
rate of PEP to pyruvate conversion observed in 
the absence of pyruvate kinase is comparable to 
the maximum enzyme velocity (Vinax) of pyru- 
vate kinase [65 uM/min (33)], suggesting that 
this activity could account for a significant 
amount of the pyruvate produced from glucose 
in cells with a less active form of pyruvate kinase. 
When catalyzed by pyruvate kinase, the conver- 
sion of PEP into pyruvate is coupled to ATP 
generation (34). Phosphorylation of PGAM1 by 
PEP does not directly generate ATP but generates 
pyruvate. In order for a significant amount of 
pyruvate to be generated by this alternative 
pathway, the phosphohistidine of PGAM1 must 
turn over. Although conversion of 3PG to 2PG 
does not result in net loss of phosphohistidine, 
spontaneous hydrolysis of phosphohistidine on 
PGAM1I does occur (/7). Also, 2,3-BPG can be 
produced by addition of 3PG or 2PG to 
phosphorylated-PGAM1 (reversal of the 2,3- 
BPG charging reaction), and the resulting 2,3- 
BPG can be hydrolyzed to 2PG and P; (35). 
Lastly, it is possible that the activity responsible 
for PGAMI phosphorylation can also act as a 
PEP phosphatase. Each of these possibilities re- 
sults in the net conversion of PEP to pyruvate and 
P; with no ATP synthesis. This lack of ATP syn- 
thesis may allow cells to metabolize glucose by a 
modified glycolysis that does not generate ATP 
and provides an advantage to proliferating cells. 
Historically, efforts to understand aerobic gly- 
colysis stressed the importance of ATP consump- 
tion to allow the high rate of glucose metabolism 
observed in tumor cells (36). Cells must avoid 
ATP production in excess of demand to avoid 
allosteric inhibition of phosphofructokinase and 
other rate-limiting steps in glycolysis that are in- 
hibited by a high ATP/adenosine monophosphate 
ratio (34). Thus, inhibition of PKM2 by cell 
growth signals may serve to uncouple the ability 
of cells to assimilate nutrients into biosynthetic 
pathways from the production of ATP and ac- 
count for why PKM2 activity is decreased in 
rapidly dividing cells. 
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Quantum Walks of Correlated Photons 
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Quantum walks of correlated particles offer the possibility of studying large-scale quantum 
interference; simulating biological, chemical, and physical systems; and providing a route to 
universal quantum computation. We have demonstrated quantum walks of two identical photons in 
an array of 21 continuously evanescently coupled waveguides in a SiO,N, chip. We observed 
quantum correlations, violating a classical limit by 76 standard deviations, and found that the 
correlations depended critically on the input state of the quantum walk. These results present a 
powerful approach to achieving quantum walks with correlated particles to encode information in 


an exponentially larger state space. 


andom walks are a powerful tool used 
R in a broad range of fields, from genetics 

to economics. The quantum mechan- 
ical analog—quantum walks (/, 2)—generates 
a large coherent superposition state that allows 
massive parallelism in exploring multiple trajec- 
tories through a given connected graph (Fig. 1). 
A quantum walk can be implemented via a con- 
stant tunneling of quantum particles [including 
photons (3)] into several possible sites, realizing 
what is termed a “continuous-time quantum walk.” 
The mathematical model of continuous-time quan- 
tum walks such as the ones implemented here have 
been shown to be the limit of the discrete-time 
quantum walks (4). For continuous-time quantum 
walks, no quantum coin is required to generate 
superposition; this evolves continuously through 
tunneling between neighboring sites. Classical 
Markov chain theory dictates that the distribution 
of classical random walks converges toward a 
stationary distribution independent of the initial 
state (5). This is in contrast to the reversible (uni- 
tary) evolution of quantum walks, which do not 
in general converge to a steady state (5) but spread 
ballistically (Fig. 2C) when evolving in a low- 
noise (decoherence) environment. These features 
are at the heart of new algorithms for database 
search (6), random graph navigation, universal 
quantum computation (7), and quantum sim- 
ulation (8, 9). 

Quantum walks have been demonstrated with 
nuclear magnetic resonance (/0), trapped ions 
(1, 12) and trapped neutral atoms (/3), the 
frequency space of an optical resonator (/4), 
single photons in bulk (/5) and fiber (/6) optics, 


1Centre for Quantum Photonics, H. H. Wills Physics Laboratory 
and Department of Electrical and Electronic Engineering, Uni- 
versity of Bristol, Merchant Venturers Building, Woodland Road, 
Bristol BS8 1UB, UK. Research Institute of Electrical Commu- 
nication, Tohoku University, Sendai, Miyagi 980-8577, Japan. 
3Department of Physics of Complex Systems, The Weizmann 
Institute of Science, Rehovot, Israel. ‘Integrated Optical Micro- 
systems Group, MESA+ Institute for Nanotechnology, University 
of Twente, Enschede, Netherlands. 


“To whom correspondence should be addressed. E-mail: 
jeremy.obrien@bristol.ac.uk 


and the scattering of light in coupled waveguide 
arrays (17). However, these realizations have 
been limited to single-particle quantum walks, 
which have an exact mapping to classical wave 
phenomena (/8), and therefore cannot provide 
any advantage (computational or otherwise) as a 
result of uniquely quantum mechanical behavior 
[in (12), two trapped ions were used to realize a 
three-sided coin in a quantum walk of the center- 
of-mass mode of the two ions]. Indeed, single- 
particle quantum walks have been observed with 
classical light (77). In contrast, for quantum 
walks of more than one indistinguishable parti- 
cle, classical theory no longer provides a sufficient 
description—quantum theory predicts that prob- 
ability amplitudes interfere, leading to distinctly 
nonclassical correlations (/9). This quantum be- 
havior gives rise to a computational advantage in 
quantum walks of two identical particles, which 
can be used to solve the graph isomorphism prob- 
lem (determining whether there is a one-to-one 
mapping between two graphs), for example (20). 
The continuous-time model has been shown to 
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offer an exponential speed-up for particular com- 
putations (2/). The major challenge associated 
with realizing quantum walks of correlated par- 
ticles is the need for a low-decoherence system 
that preserves their nonclassical features. 

The intrinsically low-decoherence properties 
and easy manipulation of single photons make 
them ideal for observing quantum mechanical 
behavior and for quantum technologies (22), and 
the effectiveness of arrays of continuously cou- 
pled waveguides for bright classical light has been 
demonstrated (/7). However, quantum walks with 
correlated photons in such structures require a 
means to measure two-photon correlations across 
the waveguide array. The spacing between wave- 
guides in an array required for evanescent coupling 
(on the order of several micrometers) is smaller 
than the minimum spacing of optical fiber arrays 
(127 um) typically used to couple to single-photon 
detectors. Previous quantum optical waveguide 
circuits in a silica-on-silicon architecture promise 
to avoid decoherence effects present in other ex- 
perimental realizations—interferometric stability 
and near-perfect mode overlap (22—25)—which 
is problematic in large-scale bulk optical realiza- 
tions [an arbitrary N mode multiport would re- 
quire a network of O(N’) beams splitters (26)]. 
However, the low refractive index contrast [A = 
(Neore” — Netadding/2Ncore” = 0.5%] in this archi- 
tecture results in a large minimum bend radius 
(<0.1 dB loss at 800 nm) of ~15 mm, making it 
unsuitable for coupling into and out of large-array 
quantum walk devices. 

We fabricated waveguide arrays in SiO,N,, 
(silicon oxynitride), a material that enables a 
much higher refractive index contrast than silica- 
on-silicon (the refractive index is determined by x 
and y), resulting in more compact devices (Fig. 
2A) and a practical means to realize large coupled 
waveguide arrays that can be coupled to optical 
fibers. The device shown in Fig. 2A is a 5-mm- 


-C. (B) The two-dimensional lattice of vertices that represent the state space of two photons 
populating NV = 21 waveguides in a coupled one-dimensional waveguide array. (Inset) Enlarged 
portion of the lattice displays the vertex representation of the two photon basis states. Site poten- 
tials are all equal to —-2B, and hopping amplitudes between adjacent vertices are either —C or —\/2C 


as labeled. 
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long silicon chip with SiO,.N,, waveguides with 
high refractive index contrast A = 4.4%. The 
minimum bend radius for this index contrast is 
600 um, which enables much more rapid spread- 
ing of the waveguides from the evanescent cou- 
pling region where waveguides are pitched at 
2.8 um to a pitch suitable for optical fiber [250 um 
and 125 um for photon injection and photon col- 
lection, respectively (27)]. 

Photon pairs were generated in a frequency- 
entangled but spatial mode-separable state via 
type I spontaneous parametric downconversion 
in a 2-mm-thick y° nonlinear bismuth borate 
BiB3O,¢ (BiBO) crystal, pumped with 40 mW of 
402-nm light from a continuous-wave diode laser. 
With an opening angle of 3°, pairs of degenerate 
photons of wavelength 4 = 804 nm were filtered 
by 2-nm interference filters and focused onto two 
inputs of an array of polarization-maintaining 
fibers, which were butt-coupled to the waveguide 
chip. At the output of the chip, an array of mul- 
timode fibers guides the photons to 12 single- 
photon—counting modules. The detectors were 
connected to photon-counting logic based on three 
FPGA (field programmable gate array) boards 
used to postselect all possible two-photon coinci- 
dences between different outputs of the array in 
order to reconstruct the correlation matrices (Figs. 
3 and 4). Quantum interference (degree of in- 
distinguishability) was controlled by relative tem- 
poral delay between the pair of photons, using an 


automated linear actuator, and characterized with a 
standard Hong-Ou-Mandel experiment. The pitch 
of the waveguide outputs is half that of the col- 
lecting fiber arrays, allowing 121 of the 231 pos- 
sible two-photon correlations to be measured at 
the output. 

Photons propagating through the coupled wave- 
guide array (Fig. 2A) are modeled assuming 
nearest-neighbor coupling with the Hamiltonian 
for coupled oscillators (28), setting i = 1: 


A= > Bjaj aj + G, j- 14; 1G + G, j+14 414; 
Al 
(1) 


where the creation and annihilation operators 
a} and a; obey Bose-Einstein statistics and act 
on waveguide /. In our devices, the waveguide 
propagation constant B; = B and coupling con- 
stant between adjacent waveguides C,, j:1 =C are 
designed to be uniform for all 7. Through choice 
of operator A, the Heisenberg equation of motion 
idA/dz = [A, H] models the dynamics of pho- 
tons propagating along distance z of the array. 
For example, the propagation of a single photon 
initially injected into waveguide & is described 
by A = ay, yielding (29) 


i— = —Ba} = Cal, = Cal 4 
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Fig. 2. A continuously coupled waveguide array for realizing correlated photon quantum walks. (A) An 
optical micrograph of a 21-waveguide array showing the three input waveguides, initially separated by 
250 wm, bending into the 700-11m-long coupling region. All 21 outputs bend out to 125-um spacing. (B) 
Simulation of the intensity of laser light propagating in the array performed with commercial beam 
propagation software (this is equivalent to (aa) in the case of a single photon). (C) Output pattern of 810-nm 


laser light propagating through the waveguide array. 
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Evolving the vacuum state |0) according to 
Eq. 2 and inspecting in the Schrédinger picture 
idjy/dz = Hhy,), yields the effective Ham- 
iltonian in the one-photon subspace H“. ge 
this Hamiltonian, an adjacency matrix My, 2 = 


j(1|H|1)¢ of the graph in Fig. 1A is constructed 


with the single-photon Fock basis {|1);} for 
representation. A quantum walk on this graph 
evolves over length z according to the unitary 
transform U\) = exp[-iH” z] (2, 29), the exact 
dynamics of which can be observed by injecting 
bright light into the waveguide array (/7). We 
used this approach to calibrate our device and the 
coupling efficiencies by launching horizontally 
polarized 810-nm laser light into the input of the 
central waveguide, waveguide 0. We measured 
the interference pattern shown in Fig. 2C, which 
corresponds to the probability distribution for 
single photons detected at the 21 output wave- 
guides (numbered —10 on the left, through 0, to 10 
on the right). Before the waveguides reach their 
minimum separation at the central coupling re- 
gion, they are coupled in the spreading regions 
on both sides. This coupling provides an effective 
coupling length of 82 um. We determined this 
length by comparing the output interference pat- 
tern for an array of length 350 um (fig. $1). From 
these data, the coupling constant C=5 mm ' was 
determined by running the simulation and min- 
imizing the square of the errors (27). 

The propagation of two indistinguishable 
photons initially injected into waveguide j and k 
is modeled with the operator 4 = a} aj yielding 


ar a} a te 


da‘a} 
i — ~2Ba} {-clafal. 1 


aja a, 1+ aya ah (3) 

From Eq. 3, the effective Hamiltonian H® 
acting on the two-photon Fock space is extracted 
as a matrix represented in the two-photon Fock 
basis {|1)j|1),.|2),} which is equal to the adjacen- 
cy matrix for the graph given in Fig. 1B. Evo- 
lution of the two-photon state through the device 
therefore simulates a single-particle quantum 
walk on the graph in Fig. 1B with O(N’) vertices 
and unitary transform U® = exp[-iH@z]. In 
general, a linear increase in the number of pho- 
tons input into the coupled array results in ex- 
ponential growth of the Hilbert space and of the 
corresponding graph. Emulating this with a sin- 
gle photon (or bright laser beam) would require 
an exponentially large number of waveguides. 
However, only when indistinguishable photons 
are injected in the device can the output state be 
nonseparable, exhibiting nonclassical correlated 
behavior (27). The two-photon unitary evolution 
can also be computed from the product of single- 
photon mode transformations (29). 

The measured correlation matrices T’,,. (de- 
fined as the probability of detecting a two-photon 
coincidence across waveguides q,r) (29, 30) for 
injecting two single photons into the comma neigh- 
boring waveguides 0 and 1 (i.e., aja *10)) are 
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Fig. 3. Measured and 
simulated correlations in 
waveguide arrays when 
two photons are coupled 
to waveguides 0 and 1: 
aiat|O) (A and B) for 
input photons separated 
with temporal delay lon- 
ger than their coherence 
length and (C and D) for 
photons arriving simulta- 
neously in the array. All 
resulting measurements 
are corrected for cou- 
pling fluctuations using 
simultaneously detected 
single-photon signal as 
well as relative detec- 
tor efficiency; the inte- 
gration time was 1 hour. 
The outcome of two pho- 
tons populating one wave- 
guide was detected using 
nondeterministic photon 
number resolving detec- 
tion with an optical fiber 
splitter. 


Fig. 4. Measured and 
simulated correlations in 
waveguide arrays when 
two photons are coupled 
to waveguides —1 and 1: 
a‘,a'|0) (A and B) for 
input photons separated 
with temporal delay lon- 
ger than their coherence 
length and (C and D) for 
the photons arriving 
simultaneously in the 
array. All measurements 
are corrected for cou- 
pling fluctuations using 
the simultaneously de- 
tected single-photon 
count rate and relative 
detector efficiency; the in- 
tegration time was 1 hour. 
The outcome of two pho- 
tons populating one wave- 
guide was detected using 
nondeterministic photon 
number resolving detec- 
tion with an optical fiber 
splitter. 
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plotted in Fig. 3A for photons made distinguish- 
able using temporal delay (not overlapped) and in 
Fig. 3C for pairs of indistinguishable (overlapped) 
photons. The overlap of these measured distribu- 
tions with ideal simulations (plotted in Fig. 3, B and 
D) are S = 0.980 + 0.001 and S = 0.934 + 0.001, 
respectively, where S is the similarity between 
two probability distributions [ and I’ defined by 


S= (=. /fTr,} y/ Li ijl, js Which 


is a generalization of the average fidelity based 
on the (classical) fidelity between probability 
distributions. The lower S in the overlapped case 
is attributed to imperfect quantum interference. 
These results display a generalized bunching 
behavior (tending to both travel to one side of the 
array or the other) characteristic of quantum in- 
terference: The vanishing of the two off-diagonal 
lobes is a result of destructive interference of 
quantum amplitudes resulting from repeated 1/2 
phase shifts in the photon tunneling between 
neighboring waveguides. 

Distinctly different behavior is observed on 
injecting two photons in two waveguides with 
one waveguide separating them. The measured 
correlation matrices for injecting photons into 
waveguides —1 and 1, and the vacuum in wave- 
guide 0 (1.e., a‘ ,a\|0)) in the center of the array 
are plotted in Fig. 4. The similarities with the 
ideal simulation are S = 0.970 + 0.002 and S = 
0.903 + 0.002 for the delayed and overlapped 
photons, respectively. In this case, instead of 
bunching, when the two photons are indistin- 
guishable they generate a pattern in which the 
main feature is the vanishing of the probability of 
simultaneously detecting one photon in the cen- 
ter of the array and one at the limit of ballistic 
propagation (for example, in waveguides 0 and 
7 in Fig. 4, C and D). 

Detecting twofold coincidences of two in- 
distinguishable photons leads to nonclassical cor- 
relations across pairs of waveguides in the array 
(29). The correlation function after length z for 
two photons populating waveguides g and r is 
given (29, 30) by 


1 


2 
(1) 7 7;() (1) 7 ,() 
1+ 84, 54 Ure + Uae Org! (4) 


Ty,(Z) = 


For classical light, including random phase 
fluctuations that mimic certain properties of quan- 
tum light, diagonal correlations I’,, are related to 
correlations in the off-diagonal lobes T',,., g #r 
according to the inequality (29) 


2 
Ver = 35 Tor =< 1) 


Inequality Eq. 5 is violated when two in- 
distinguishable photons are injected into the de- 
vice. Measured violations from injecting photons 
into 0, 1, and —1,+1 are plotted in fig. S2, with 
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white data points representing no violation, and 
colored data points representing the extent of vio- 
lating Eq. 5 for each pair of waveguides. This is 
quantified as a function of standard deviations o 
(computed from propagation of error from two- 
photon coincidence detection, assuming Poissonian 
statistics), with the maximum violation reaching 
76 standard deviations. Inequality Eq. 5 is not 
violated when the photons of the input pairs are 
distinguishable. 

These demonstrations show uniquely non- 
classical behavior of two identical particles, 
tunneling through arrayed potential wells; two 
photons initially prepared in a separable product 
state interfere in a generalization of the Hong-Ou- 
Mandel effect, yielding nonclassical spatial cor- 
relations. Increasing the photon number 7 will 
emulate quantum walks on hypercubic graphs 
exponentially large in n, and exploiting quantum 
interference in three-dimensional directly written 
waveguides (3/) allows a further increase in 
graph size (32). Enlarging the guided mode or 
decreasing the waveguide separation provides 
another increase in graph complexity. This re- 
quires a model beyond nearest-neighbor cou- 
pling, tending toward a multimode interference 
slab waveguide when the channel separation goes 
to zero. 

Here, we have modeled and used arrays of 
waveguide with fixed propagation and coupling 
coefficients B, = B and Cy; = C, but varying 
these parameters independently for each k pro- 
vides a means to engineer the quantum walk’s 
precise graph structure. For example, varying these 
parameters randomly and independently allows 
one to investigate correlated quantum walks in 
disordered systems and to verify the effects of 
Anderson localization, known to affect propaga- 
tion of quantum information (33, 34). Reconfig- 
urable waveguide circuits (22, 24) will allow 
real-time control of the input state and the graph 
structure itself, enabling, for example, phase 
control over entangled “NOON” input states, 
such as |20) + e |02), to yield methods for 
simulating symmetric and antisymmetric particles 
undergoing a quantum walk (29). The waveguide 
architecture is intrinsically scalable—networks of 
hundreds of waveguides are routinely imple- 
mented in photonics applications (switches, 
modulators, etc.}—and single-particle quantum 
walks with classical light have been implemented 
in such devices (17). Homogeneity of the cou- 
pling constant for quantum walk devices with 
hundreds of waveguides is set by the tolerance of 
waveguide fabrication and will be comparable to 
that observed here (indicated by the symmetry in 
Fig. 2C). For future application, computational 
data rates will be defined by high-efficiency and 
high-repetition rate single-photon sources and 
detectors (22). 
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Global Distribution of Large Lunar 
Craters: Implications for Resurfacing 
and Impactor Populations 
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By using high-resolution altimetric measurements of the Moon, we produced a catalog of all 
impact craters >20 kilometers in diameter on the lunar surface and analyzed their distribution 
and population characteristics. The most-densely cratered portion of the highlands reached a 
state of saturation equilibrium. Large impact events, such as Orientale Basin, locally modified 
the prebasin crater population to ~2 basin radii from the basin center. Basins such as Imbrium, 
Orientale, and Nectaris, which are important stratigraphic markers in lunar history, are 
temporally distinguishable on the basis of crater statistics. The characteristics of pre- and 
postmare crater populations support the hypothesis that there were two populations of impactors 
in early solar system history and that the transition occurred near the time of the Orientale 


Basin event. 


of the Moon, particularly the size-frequency 
distribution (SFD) and spatial density of 
craters, has long been used to infer information 
about the age of surfaces and the sequence of 
geological events (/). Unfortunately, uneven 
areal coverage, different image resolutions, and 


T: record of impact craters on the surface 
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Fig. 1. (A) An outline of the craters mapped on the surface of the Moon from 
LOLA data superposed on a hillshade rendering of LOLA topography (2, 3). 
(B) Crater densities on the Moon for craters >20 km in diameter, calculated 
in neighborhoods of radius 500 km. (C and D) Central far-side highlands 
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a wide range of solar illumination geometries from 
previous spacecraft mission data have precluded 
the compilation of a consistent global data set of 
the impact crater population. In the past year, the 
Lunar Orbiter Laser Altimeter (LOLA) (2), an 
instrument on board the Lunar Reconnaissance 
Orbiter (LRO) spacecraft, has acquired globally 
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90° 120° 
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found on Mercury (21). 


distributed, high-precision measurements of the 
topography of the Moon, which enable the cre- 
ation of a 64-pixels-per-degree digital terrain 
model (DTM) and a shaded relief model of the 
surface (3). These data provide a view of the global 
distribution of impact craters without the observa- 
tional uncertainties that arose from measurement 
of craters on images of heterogeneous illumina- 
tion condition and uneven coverage and quality. 
We used this data set to produce a global compi- 
lation of the distribution of impact craters >20 km 
in diameter. 

We mapped craters on the Moon by over- 
laying a 20-km reference grid on the topography 
and hillshade and by systematically measuring 
across the lunar surface (4) with the CraterTools 
extension to ArcMap (5) to make diameter mea- 
surements of craters. All craters with a measure- 
able rim and central depression were cataloged, 
regardless of their degradation states or whether 
they were embayed or buried by younger surface 
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(centered at —7°N, 130°E), one of the most densely cratered areas of the 
Moon. (C) Craters superposed on a LOLA hillshade base map. (D) Slope map 
of area in (C) showing the lack of smooth intercrater plains such as those 
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units; identified craters were also examined in an 
underlying ArcMap layer containing the best avail- 
able images. In total, we mapped 5185 craters 
with diameters > 20 km on the lunar surface, a 
factor of ~2 increase in the number of craters of 
this size from Wilhelms et al. (6), whose analysis 
examined 82% of the lunar surface. 

By using the craters mapped in our data set 
(Fig. 1A), we determined the areal density of 
craters on the Moon by calculating the number of 
craters in a moving neighborhood of 500 km in 
radius (Fig. 1B). The scale of this moving neigh- 
borhood sets the minimum area that is effectively 
sampled, ~8 x 10° km”. The resulting crater den- 
sities reflect first-order variations in the crater re- 
tention age (for 20-km craters and larger) across 
the surface. We report densities here as (20) 
values, which represent the number of craters per 


unit area with diameter > 20 km, normalized to 
10° km”. The most prominent features in Fig. 1B 
are (i) the densely cratered highlands, particu- 
larly on the southern nearside and north-central 
far side of the Moon, (ii) the interior and sur- 
roundings of stratigraphically young impact ba- 
sins, especially Orientale, and (ili) mare regions, 
which have the lowest crater densities on the 
Moon. 

Impact crater SFD analyses for units in the 
maria have been used successfully to develop strat- 
igraphic sequences for individual areas (7) and 
combined with radiometric dates from samples 
returned from the lunar maria to establish a vol- 
canic flux for the Moon as a whole (8). These 
SFD techniques can thus link specific mare crustal 
units to relative and absolute ages. For the high- 
lands, on the other hand, crater densities are in the 
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range (20) = 100 to 280. These extremely high 
densities in the highlands are important because 
they fall in a range of ~3 to 10% of geometric 
saturation (9), consistent with empirical satura- 
tion equilibrium (/0), a condition where, on aver- 
age, every new crater erases a preexisting crater 
of comparable size. Because nearly all of the lunar 
highlands are in this range, our data further dem- 
onstrate that impact crater SFDs, unlike those in 
the younger maria, do not directly reflect differ- 
ences in the actual age of the underlying crustal 
rocks. Examples of the most densely cratered 
surfaces on the Moon (Fig. 1C) illustrate this 
well: Crater densities in the north-central far side 
are so high that addition of new craters over most 
of the size range does not measurably change the 
SFD (and thus the age), despite the fact that the 
crustal rocks themselves are likely to date from 
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Fig. 2. Orientale Basin and radial distribution of craters. (A) Distribution of craters in the surroundings of Orientale on LOLA hillshade base map. (B) 
N(20) cumulative crater density as a function of increasing radial range from the Orientale basin center. Error bars in all figures are o + \/NW/A, where 


A is the count area. 
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Fig. 3. Crater size-frequency distributions. (A) R plot (21) and (B) cu- 
mulative plot of craters superposed on three important basin stratigraphic 
markers on the Moon, which are clearly separable in crater density. On 
the cumulative plot, for mare-filled basins Imbrium and Nectaris, relevant 
counts areas are computed in two ways that give a similar qualitative 
results: a traditional rim-area method [circles, also the data in (B)] and 
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with a buffered crater counting correction (16) that allows inclusion 
craters on the margin of the mare that superpose the basin (hatches). (C) 
R plot (areal density) (22) of craters superposed on lunar nearside mare, 
Orientale, and representative highlands crust (outside South Pole—Aitken 
Basin), which illustrates the difference in density and SFD slope on these 
terrains (18). 
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the most ancient period of lunar crustal genesis, a 
few hundred million years after lunar formation. 
Furthermore, slope maps of this area (Fig. 1D) 
show no evidence for extensive smooth areas 
such as intercrater plains, the type of volcanic 
resurfacing thought to have accompanied the early 
crustal history of Mercury (//). Such early vol- 
canism could have occurred on the Moon (/2) 
but is not now detectable by using SFD data be- 
cause of crater saturation equilibrium. Converse- 
ly, these observations demonstrate that extrusive 
volcanism in early lunar history, if it occurred, 
was characterized by a flux low enough that it did 
not influence the crater population in a detectable 
manner. 

Examination of the highlands impact crater 
density distribution (Fig. 1, A and B) does show 
regional variations, however. The interior and sur- 
roundings of stratigraphically young impact ba- 
sins, especially Orientale, show M(20) numbers 
intermediate between the most heavily cratered 
highlands [(20) = 150 to 250] and the lunar 
maria [M(20) = 25 to 50]. These data show that 
the proximity of a given region to young craters 
and basins was a key factor in establishing the 
local variations in crater density that is observed. 
This phenomenon results from the obliteration of 
craters below the impact basin itself, the burial of 
craters near the basin rim [in a process described 
as proximity weathering or degradation (/3)], and 
their modification further away, by the dynamic 
emplacement of the basin ejecta. This process, 
proximity age resetting, results in selective loss 
of craters of different diameters as a function of 
the basin size and increasing radial range. For 
example, the formation of the 930-km-diameter 
Orientale Basin (Figs. 1B and 2A) resulted in the 
complete obliteration of craters below the basin 
(an area of 6.8 x 10° km/), and the demonstrable 
loss of craters >20 km diameter out to about 500- 
km radius from the basin rim crest (Fig. 2B). 
Within 100 km of the basin rim crest, the (20) 
number decreased by ~74% compared with the 
regional background population, between 100 
and 300 km by ~60% and between 300 to 500 km 
by ~19%, before returning to the regional average 
of ~M(20) = 160 at radial distances greater than 
~500 km from the rim crest (Fig. 2B). Thus, de- 
tailed examination of the Orientale crater population 
(Figs. 1 and 2) shows that this single basin-forming 
event significantly altered the preexisting crater 
population, causing proximity age resetting out to 
a radial range of ~965 km from the basin center, 
an area comprising ~8% of the total lunar surface. 
Furthermore, analysis of Fig. 1B in the vicinity of 
Orientale Basin shows low-density lobes extend- 
ing to the south over Mendel-Rydberg Basin and 
to the northwest toward Hertzsprung Basin, both 
of which predate Orientale but are relatively young 
stratigraphically. 

In addition to obliterating craters, impact basin 
events also create large secondary craters at radial 
distances in excess of about one basin radius from 
the rim crest. These craters are predicted to be 
~4% of the size of the primary (/4) and known to 


range up to diameter (D) ~ 25 km for Orientale 
Basin (/). Thus, basins larger than Orientale could 
have produced even larger secondary craters and 
crater clusters. Indeed, basin secondary craters up 
to 20 to 40 km in diameter have been hypothe- 
sized to be an important part of the highland crater 
population, potentially polluting the primary im- 
pactor population and skewing surfaces to artifi- 
cially older ages (/5). To test this hypothesis, we 
performed an analysis similar to that shown in 
Fig. 2 for Orientale (D = 930 km), Imbrium (D = 
~1160 km) and South Pole—Aitken (D ~ 2500 km) 
basins, centering the count areas on each basin 
and extending the annular analysis out to one 
basin diameter from the rim crest, an area known 
to contain radial ejecta and secondary crater chains 
and fields (/). As can be seen in the Orientale 
example (Fig. 2), the (20) values for the range 
between 500 and 1000 km from the rim crest are 
similar to the (20) values for typical, but not the 
most densely cratered, highlands (Fig. 1B). Sim- 
ilar relationships are seen for Imbrium and South 
Pole—Aitken basins. No annular zones of statisti- 
cally significant increased crater density are ob- 
served, nor do secondaries traceable to these basins 
appear to contribute a significant number of craters 
>20 km to the crater population of surrounding 
regions. 

We used the global crater database to revisit 
the SFD of important basins (Orientale, Imbrium, 
and Nectaris) that represent important markers 
within the lunar stratigraphy (/) and determined 
the superposed crater populations on these three 
basins (Fig. 3, A and B). Not surprisingly, the 
SFD plots (both R and cumulative) show a clear, 
separable distinction between these three basins, 
with Orientale and Imbrium being closer together 
in crater frequency than Imbrium and Nectaris. 
Our global data set, however, permits the use of 
buffered crater-counting techniques (/6), and this 
results in a more robust SFD to be determined for 
these three important stratigraphic markers (see 
crosses in Fig. 3B). This enables a reanalysis of 
the sequence of basins proposed by Wilhelms (/) 
to lie between, and before, these key events. Fur- 
ther, should absolute age dates of key basin events 
be firmly established, these data will permit a more 
robust determination of the flux in early lunar 
history, and a test of the late heavy bombardment 
hypothesis (/7). 

Controversy has long existed concerning the 
nature of the impactor population bombarding 
inner planetary body surfaces throughout solar 
system history. Some hypothesize that the im- 
pactor population has been essentially similar in 
source and makeup throughout history, differing 
only in flux (/8). Others have suggested that 
there is a clear difference in the populations with 
time and that this difference is reflected in the 
shape of the SFD of older and younger crater 
populations seen on planetary surfaces (6, 19). 
The global data set permits the assessment and 
testing of these hypotheses. For Orientale and the 
nearside mare, both of which are geologically 
young, we have extended our crater database to a 


minimum diameter of D = 8 km and examined 
stratigraphic relationships to ensure that mea- 
sured craters are superposed on (postdate) these 
features. 

Our data show a distinct difference between 
the shape of the SFD of the older highland and 
younger mare crater populations (Fig. 3C). The 
highlands have a greater density of large craters 
(D ~ 50 to 100 km) compared with small craters 
(e.g., D ~ 20 to 30 km) than the mare surfaces. 
This is consistent with a less-steep production 
function at this size range. We applied the two- 
sample Kolmogorov-Smirnov test to assess the 
formal significance of this apparent difference in 
the shape of crater SFD on these units and found 
a very low probability that these SFD are the 
same distribution (P ~ 1.5 x 10°’). This differ- 
ence is evident in our data both in the highlands 
as a whole, as well as in “pure” subregions of the 
highlands (20), which have been suggested as 
examples of the least modified cratered regions 
of the lunar crust. The SFD distribution of craters 
superposed on Orientale may be intermediate in 
nature, although it is statistically not distinguish- 
able from the mare. These global observations 
show a change in the lunar SFD, consistent with 
observations on less comprehensive lunar data 
sets (6, 19). This supports the conclusions of 
Strom et al. (19), who hypothesized the existence 
of an early and a later impactor population inside 
the asteroid belt. Furthermore, it places the 
transition between these two populations at about 
the time of Orientale Basin, the last large multi- 
ringed basin thought to have formed ~3.8 billion 
years ago (1). 


References and Notes 
1. D. E. Wilhelms, The Geologic History of the Moon 
(U.S. Geological Survey Professional Paper no. 1348, 
Washington, DC, 1987). 
2. D. E. Smith et al., Space Sci. Rev. 150, 209 (2010). 
3. D.E. Smith et al., Geophys. Res. Lett., in press; available 
online at www.agu.org/ournals/pip/gl/2010GL043751-pip.pdf. 
4. Crater diameter measurements using the CraterTools 
extension (3) are defined on the basis of a best-fit circle, 
fit to the crater rim based on three points selected along 
the rim or, alternatively, based on drawing a rim-to-rim 
diameter. CraterTools corrects measurements to a local 
map projection. Regions poleward of 70° latitude are 
examined separately in polar projections, and these data 
are then merged with the mid- and low-latitude data to 
produce the global data set. This survey method is 
repeated at multiple scales to ensure that all craters were 
detected, from the basins to 20-km-scale craters. 
5. T. Kneissl et al., Planet. Space Sci., in press; published 
online 24 March 2010 (10.1016/j.pss.2010.03.015). 
6. D. E. Wilhelms et al., Proc. Lunar Sci. Conf. IX, 3735 
(1978). 
7. H. Hiesinger, R. Jaumann, G. Neukum, J. W. Head III, 
J. Geophys. Res. 105, 29,239 (2000). 
8. H. Hiesinger et al., J. Geophys. Res. 108, 5065 (2003). 
9. D. E. Gault, Radio Sci. 5, 273 (1970). 
10. J. E. Richardson, /carus 204, 697 (2009). 
11. R. G. Strom, N. J. Trask, J. E. Guest, J. Geophys. Res. 80, 
2478 (1975). 
12. J. W. Head III, L. Wilson, Geochim. Cosmochim. Acta 56, 
2155 (1992). 
13. J. W. Head, Moon 12, 299 (1975). 
14. H. J. Melosh, Impact Cratering (Oxford, New York, 1989). 
15. D. E. Wilhelms, Proc. Lunar Sci. Conf. VII, 2883 
(1976). 


17 SEPTEMBER 2010 VOL 329 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on September 16, 2010 


16. C. |. Fassett, J. W. Head III, /carus 195, 61 (2008). 

17. B. A. Cohen, T. D. Swindle, D. A. Kring, Science 290, 
1754 (2000). 

18. G. Neukum, B. A. Ivanov, W. K. Hartmann, Space Sci. 
Rev. 96, 55 (2001). 

19. R. G. Strom, R. Malhotra, T. Ito, F. Yoshida, D. A. Kring, 
Science 309, 1847 (2005). 


20. W. K. Hartmann, Meteoritics 30, 451 (1995). 

21. R plots are constructed by dividing the differential SFD by 
a power law dN/dD~D~?, where N is the number of 
craters within a given increment of crater diameter in a 
given area (28). 

22. We thank the LRO and LOLA mission teams 
for their efforts, which made the observations 


REPORTS 


in this study possible, and T. Kneissl for developing 
the CraterTools extension to ArcMap. Funding 

was provided by NASA grant NNXO9AM54G 

for LOLA. 


13 July 2010; accepted 25 August 2010 
10.1126/science.1195050 


Global Silicate Mineralogy of the Moon 
from the Diviner Lunar Radiometer 


Benjamin T. Greenhagen,** Paul G. Lucey,” Michael B. Wyatt,? Timothy D. Glotch,’ 
Carlton C. Allen,® Jessica A. Arnold,* Joshua L. Bandfield,° Neil E. Bowles,’ 
Kerri L. Donaldson Hanna, Paul O. Hayne,® Eugenie Song,° lan R. Thomas,’ David A. Paige® 


We obtained direct global measurements of the lunar surface using multispectral thermal emission 
mapping with the Lunar Reconnaissance Orbiter Diviner Lunar Radiometer Experiment. Most lunar 
terrains have spectral signatures that are consistent with known lunar anorthosite and basalt 
compositions. However, the data have also revealed the presence of highly evolved, silica-rich 
lunar soils in kilometer-scale and larger exposures, expanded the compositional range of the 
anorthosites that dominate the lunar crust, and shown that pristine lunar mantle is not exposed at 
the lunar surface at the kilometer scale. Together, these observations provide compelling evidence 
that the Moon is a complex body that has experienced a diverse set of igneous processes. 


emote characterization of mineralogy 
R ome thermal emission spectroscopy 

has a long history in planetary science that 
recently has been highlighted by global maps of 
martian mineralogy obtained from orbit and mea- 
surements from the martian surface (/, 2). Al- 
though infrared emission spectroscopy is sensitive 
to the bulk composition and can readily identify 
important lunar silicates such as feldspar, pyrox- 
ene, olivine, and quartz (3), earlier lunar observa- 
tions (4, 5) lacked sufficient spatial resolution or 
coverage to identify areas that may have escaped 
extensive physical mixing and retain unusual li- 
thologies. High-resolution lunar mapping has thus 
far been limited to visible and near-infrared spec- 
troscopy and multispectral imaging, which have 
been used to identify diverse compositions over 
large areas of the lunar surface (6-9). However, 
these techniques are relatively insensitive to nom- 
inally iron-free minerals such as quartz and feldspar 
and can only unambiguously detect the important 
lunar rock—type anorthosite in exposures that con- 
tain almost no mafic minerals, such as pyroxene 
or olivine (9). Multispectral thermal emission data 
from the Diviner lunar radiometer have high spatial 
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resolution, near global coverage, and sensitivity to 
important iron-poor mineralogy. 

Launched onboard the Lunar Reconnaissance 
Orbiter (LRO) in June 2009, Diviner is a nine- 
channel pushbroom mapping radiometer that mea- 
sures emitted thermal radiation (seven channels) 
and reflected solar radiation (two channels) be- 
tween 0.3 and 400 um at a spatial resolution of 
approximately 200 m (/0). The Diviner com- 
positional investigation relies primarily on the 
three shortest wavelength thermal infrared chan- 
nels near 8 um: 7.55 to 8.05 um, 8.10 to 8.40 um, 


1.00 + 


and 8.38 to 8.68 um. Pioneering lunar mid-infrared 
spectroscopic studies, including airborne (4), 
ground-based (5), and laboratory (//—/3) mea- 
surements, have shown this region is key to iden- 
tifying common lunar silicate minerals, and the 
Diviner compositional investigation was de- 
signed by using the results of those studies (/4). 

We chose Diviner’s 8-um-region channels to 
characterize a well-studied compositional indica- 
tor of silicate mineralogy called the Christiansen 
feature (CF) (74, 15). The wavelength position of 
CF is strongly dependent on the degree of polym- 
erization of minerals, with framework silicate min- 
erals such as feldspars exhibiting CFs at shorter 
wavelengths than less polymerized pyroxene and 
olivine (3, 16, 77). Common lunar minerals thus 
exhibit widely separated CF positions. The CF 
position of soils is close to the weighted average 
of the constituent minerals, which enables deter- 
mination of major lunar lithologies (/8). The 
presence of strong thermal gradients in the lunar 
environment causes systematic shifts in CF po- 
sition and an enhancement of CF spectral con- 
trast relative to other mid-infrared features, such 
as Reststrahlen bands (3, 19, 20). Therefore, lunar 
thermal emission observations are only directly 
comparable with laboratory emission measure- 
ments in a simulated lunar environment (2/, 22). 

We used ~10° three-point 8-m-region spectra 
collected between 5 August 2009 and 24 No- 
vember 2009, covering ~50% of the lunar surface 
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between 60°N and 60°S. The field of view of the 
instrument causes spatial gaps between orbit 
tracks as collected to date; however, Diviner has 
comprehensively sampled all major lunar terrains 
and continues to increase spatial coverage as the 
LRO mission proceeds. To characterize silicate 
mineralogy from Diviner spectra, we first binned 
and averaged calibrated radiance at 32 pixels per 
degree (~1 km per pixel at the equator), calcu- 
lated an effective emissivity for each channel, 
and then estimated the position of the CF using 
a parabolic fit to the three channels (Fig. 1) (/6). 
High-spectral-resolution laboratory experiments 
have shown that a parabola is a good approxi- 
mation for the shape of the CF across this re- 
stricted wavelength range (//, 16, 21, 22). 

We analyzed Diviner 8-um-region spectra 
to determine the maxima of parabolic fits (“CF 
values”) and assembled the result into a compre- 
hensive map of lunar silicate mineralogy (Fig. 2). 
The data were corrected to remove temperature ef- 
fects, including anisothermality (topographically 
driven subpixel variations in temperature) (/6). 
Over 90% of the CF values are between 8.04 and 
8.36 um (Fig. 3). The known mineralogical dif- 
ferences between basaltic maria with abundant 
pyroxene and the feldspathic highlands, which 
are rich in plagioclase feldspar, are readily appar- 
ent. The observed variability in CF values is also 
influenced by space weathering, which is the re- 
action of the lunar surface to exposure to micro- 
meteorites and solar wind sputtering (23). The 
space-weathering effect was not anticipated (/8) 
and shifts CF values to longer wavelengths with 
increasing maturity (longer exposure time on the 
surface) relative to fresh “immature” surfaces (16). 

Diviner observations are consistent with pre- 
vious regional lunar surface observations (4) and 
are directly comparable with laboratory measure- 
ments of returned lunar soils in a simulated lunar 
environment (/2, 13, 16). The mean CF values 
for highland-dominated areas are shorter than 
those for the mare-dominated areas, which are 
consistent with the mineralogical differences 
between the feldspar-rich lunar highlands of the 
Apollo 16 landing site and the feldspar-poor lunar 
maria of the Apollo 11, 12, 15, and 17 landing 
sites (Fig. 4) (24, 25). The Apollo 14 site, which is 
dominated by mafic basin ejecta, has an interme- 
diate mean CF value. Although most Diviner ob- 
servations fall within the range of typical highlands 
and maria, there are locations with unusual CF po- 
sitions, 8-um-region spectral signatures, or both. 

In restricted regions that have previously been 
shown to exhibit unusually high abundances of the 
incompatible element thorium (26), there is evi- 
dence of highly silicic material: quartz, silica glass 
of similar composition, or sodium- or potassium- 
rich (or both) varieties of feldspar. These minerals 
are indicators of extremely differentiated lunar 
rocks, including granites. Diviner data associated 
with these kilometer-scale or larger exposures, and 
laboratory measurements of similar materials in 
simulated lunar environment, exhibit distinct spec- 
tral characteristics owing to CF positions well 


shortward of the 8-um-region channels’ wave- 
length range (2/, 22). Prior work had highlighted 
some of these locations (lunar red spots) because 
of their unusual morphologies and anomalous 
ultraviolet ratios and because of their unusually 
high thorium values (27-30). However, a definitive 
compositional diagnosis required direct detection 
of the indicator minerals. Glotch et al. (22) have 
used Diviner data to perform a comprehensive sur- 
vey of the lunar red spots and identify Hansteen 
Alpha, Lassell Massif, the Gruithuisen Domes, 
and Aristarchus Crater as high-silica features. Be- 
cause the volume of silicic rock relative to a basaltic 
precursor is small, simple extreme differentiation of 
a basaltic magma raises issues of storage and heat 
supply to such large magma bodies. This suggests 
that basaltic intrusive magmatism may have re- 
melted and subsequently differentiated a previously 
more silica-rich precursor, such as anorthositic crust 
(22). Alternatively, it is possible that the thortum- 
rich, high-silica features may represent direct ex- 
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trusive examples of the incompatible element- 
rich residual liquids from the lunar magma ocean. 

The silica-rich red spots are confined to a large 
region on the lunar nearside called the Procellarum 
KREEP (for potassium, rare earth elements, and 
phosphorous) Terrane (PKT), where most of the 
surface thorium on the Moon is found, and the 
presence of high concentrations of heat-producing 
elements is invoked to account for the extensive 
basaltic volcanism on the lunar nearside (3/). 
This regionally concentrated heat source plausi- 
bly enabled the differentiation that gave rise to 
the silicic anomalies. However, we also detected 
high amounts of silica outside the PKT in the 
Compton Belkovich thorium anomaly on the lunar 
far side. Recent Lunar Reconnaissance Orbiter 
Camera images show that this location is a low 
dome, with unusual morphologies revealed at the 
10-m scale (32). Therefore, whatever process gave 
rise to these silicic features either did not require 
the special thermal conditions of the PKT (such 
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Fig. 2. CF value map of silicate mineralogy. The color map was chosen to highlight compositional 
variability of common lunar terrains and saturate blue or red for unusual compositions (Fig. 3). 
This map uses a pyramidal spatial resolution structure between 8 and 0.5 pixels per degree. 
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Fig. 3. Histogram of Diviner CF values between 30°N and 30°S. Diviner CF values (black trace) have a 
bimodal distribution with modal means for highland (blue trace) and mare (red trace) compositions of 
8.15 and 8.30 um, respectively. CF positions were measured in simulated lunar conditions for relevant 
minerals (A, anorthite; F, forsterite; and Q, quartz), and ranges for mineral types are included. 
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as whether it is a direct magma ocean product), or 
the PKT is much more extensive but its thorium 
is sequestered at depth, which is in contrast to 
prior interpretations that suggested the far-side 
thorium had been depleted (26). 

We have also identified a class of anomalous 
kilometer-scale exposures with CF values be- 
tween those of the high silica features and those 
of the extraordinarily calcium-rich anorthite that 
is well known from anorthosites in the lunar sam- 
ple collection. This class of feature (“intermediate 
composition plagioclase’’) is consistent with pla- 
gioclase compositions such as bytownite or lab- 
radorite, which are somewhat more sodium-rich 
than the crust-forming ferroan anorthosites (Fig. 3) 
(74). Unlike the high-silica features, these plagio- 
clase features have CF positions near the 8-1m- 
region channels (thus enabling the determination 
ofa CF value) and are not correlated with thorium 
anomalies. The CF value difference between the 
intermediate plagioclase composition features (for 
example, Guthnick crater in the southern high- 
lands has a mean CF value of 7.68 um) and imma- 
ture crystalline anorthite measured in a simulated 
lunar environment (7.84 um for An90) is large and 
is of similar magnitude to the difference in modal 
CF values of highlands and maria (/6, 2/, 22). 

The intermediate composition plagioclase fea- 
tures occur in a wide range of lunar terrains. We 
found that 15 of the areas previously shown to be 
pure plagioclase feldspar on the basis of near- 
infrared spectroscopy (9) show evidence for inter- 
mediate composition plagioclase and that an 
additional 19 of the areas have either extremely 
immature pure anorthite or are mature or mixed 
intermediate composition plagioclase, or both (/6). 
The detection of widespread intermediate com- 
position plagioclase indicates that the lunar crust 
may have localized variations in plagioclase com- 
position. Anorthosites with approximately these 
compositions are known in the sample collection 
(such as the alkali anorthosites), but all of these 
are rich in incompatible elements and may not be 
related to the thorium-poor locations we have iden- 
tified (33). The intermediate composition plagio- 
clase may thus reflect geochemical heterogeneities 
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and variable cooling within the lunar magma ocean 
or secondary processing of an early lunar crust. 

There is no evidence of olivine-rich ultra- 
mafic lithologies, including any that might indicate 
the presence of kilometer-scale exposures of 
lunar mantle at the surface. Using the same meth- 
odology we used to directly detect high-silica 
features (extreme mean CF values and distinct 
character owing to CF positions well outside 
the 8-j1m-region channels’ wavelength range), 
we failed to detect any contiguous regions with 
very long wavelength CF positions. Most of the 
proposed lunar mantle compositions contain little 
or no feldspar, being dominated by pyroxene, 
olivine, or both (34), and such ultramafics would 
be readily identified by Diviner (/6). Given our 
current constraints in latitude, spatial coverage, 
and spatial resolution, we found no exposures that 
have CF values longer than typical lunar maria, 
which contain tens of percent plagioclase feldspar. 
Rare individual 1/32-degree pixels are detected 
with these characteristics, but in the absence of 
other evidence we attribute these occurrences to 
processing errors caused by shadows, topographic 
relief; or both (6). A recent inspection of full- 
resolution Diviner data for central peaks and other 
locations that have been previously suggested to 
reveal uplifted ultramafic compositions on the 
basis of multispectral near-infrared data (7) also 
revealed no evidence of surfaces dominated by 
olivine-rich ultramafic lithologies (35). 

Our study includes the interior of the vast 
South Pole Aitken basin, which is large enough to 
have penetrated through the crust and into the 
mantle (36). If the basin did excavate mantle ma- 
terial, the upper surface is extensively mixed with 
more feldspathic crustal rocks from the many basins 
and lesser impacts into the ancient South Pole 
Aitken basin, and no pristine exposures are found 
at the kilometer scale. Recently, Yamamoto et al. 
(37) have reported possible mantle outcrops in 
several regions on the Moon. Although we have 
not compared their reported locations directly, 
our coverage includes all of their study areas. Our 
results suggest that if the Yamamoto et al. (37) 
detections include mantle material, it must be 


Plagioclase (7.84 1m) 


Olivine (8.67 pm) 


REPORTS 


mixed with feldspathic material to have eluded 
detection by Diviner. The search for lunar mantle is 
a prime example of the complementary nature of 
near infrared and thermal infrared spectroscopy 
with respective sensitivities to iron-rich and iron- 
poor mineralogy. 
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Highly Silicic Compositions on the Moon 
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Using data from the Diviner Lunar Radiometer Experiment, we show that four regions of the 
Moon previously described as “red spots” exhibit mid-infrared spectra best explained by quartz, 
silica-rich glass, or alkali feldspar. These lithologies are consistent with evolved rocks similar 

to lunar granites in the Apollo samples. The spectral character of these spots is distinct from 
surrounding mare and highlands material and from regions composed of pure plagioclase feldspar. 
The variety of landforms associated with the silicic spectral character suggests that both extrusive 
and intrusive silicic magmatism occurred on the Moon. Basaltic underplating is the preferred 
mechanism for silicic magma generation, leading to the formation of extrusive landforms. This 
mechanism or silicate liquid immiscibility could lead to the formation of intrusive bodies. 


on the nearside of the Moon within the 
Procellarum KREEP Terrane (PKT) (Fig. 1) 
have been investigated for more than three decades 
(/-4). Remote sensing data from these localities, 
known as red spots, are generally characterized by 
deep ultraviolet (UV) absorptions with respect to 
the near-infrared (NIR) as well as low FeO and 
TiO, concentrations. The unusual spectral charac- 
teristics of the Gruithuisen Dome red spots, which 
also have steep slopes (15° to 30°) and rough sur- 
face textures suggest that they formed from feld- 
spathic magmas with high silica contents, similar 
to terrestrial rhyolite domes (3, 5, 6). Recent analy- 
ses suggest that four red spots—Hansteen Alpha, 
the Gruithuisen Domes, the Lassell Massif, and 
Aristarchus Crater—have elevated Th and low 
FeO abundances, suggesting derivation from 
evolved magmas (7, 8). None of the previously 
applied techniques, including UV/visible/NIR 
(UV/VIS/NIR) spectroscopy and gamma-ray spec- 
troscopy (GRS), are directly sensitive to the key 
indicators of silicic volcanism (quartz, silica-rich 
glass, and alkali and ternary feldspars). Therefore, 
unambiguous identification of the composition of 
these features has not previously been possible. 
The Diviner Lunar Radiometer Experiment 
on the Lunar Reconnaissance Orbiter is a multi- 
spectral radiometer that is well suited to detecting 
the mineral indicators of silicic volcanism. Diviner 
has three narrow spectral bandpass filters centered 
at 7.8, 8.25, and 8.55 tum (channels 3 to 5). These 
three “8-j1m” channels were specifically designed 
to characterize the position of the Christiansen 


S pectroscopically unique features that occur 
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Feature (CF) (9, 10), which is directly sensitive to 
silicate mineralogy and the bulk S10, content of a 
material (//—15). 

We have compared the mid-IR spectral shapes 
of lunar red spots to those of the surrounding 
mare and highlands, which are regions suggested 
to be pure plagioclase feldspar, based on SELENE 
Multiband Imager data (/6); and the laboratory 
emissivity spectra of minerals and rocks acquired 
in a simulated lunar environment (/5). The avail- 
able data cover portions of Hansteen Alpha, the 
Lassell Massif region, the Gruithuisen Gamma 
and Northwest Domes, Aristarchus Crater, South- 
ern Montes Riphaeus, and Helmet red spots. 

Silicic minerals and lithologies exhibit short- 
wavelength position CFs. The response of the 
Diviner 8-um channels to this characteristic is to 
show a strong positive slope in three-point spectra 
toward short wavelengths with a weak curvature. 
Convolved to the Diviner bandpasses, quartz and 
silica-rich materials such as obsidian glass and 
alkali feldspar have three-point spectra that are 
strongly concave upward. Moderate-composition 
feldspars such as labradorite are weakly concave 
upward, whereas anorthite and more typical lunar 
materials that are mafic to ultramafic (anorthite, 


pyroxene, olivine, and mixtures thereof) show 
strongly concave-downward spectra (Fig. 2). The 
combination of spectral slope and concavity in 
the Diviner 8-11m channels are strongly tied to the 
silica content of a material and can be used to 
identify Si-rich compositions. 

To map variations in silicate mineralogy, we 
defined two spectral parameters to describe the 
Diviner three-point spectra. The first spectral index, 
J, measures the slope between channels 3 and 4 in 
the form J = ¢3 — ¢4, where ¢3 and €4 are the 
emissivities in channels 3 and 4, respectively. A 
second spectral index, c, determines the direction 
of concavity between channels 3 and 5 (/7). A 
positive value of this index is indicative of a 
concave-up shape, whereas a negative index value 
is indicative of a concave-down shape. 

Hansteen Alpha, the Lassell Massif region, 
the Gruithuisen Domes, and the southern rim 
and ejecta blanket of Aristarchus each have / 
parameter values that are substantially higher 
than those of the surrounding highlands material 
in each region. Portions of each of these features 
also display positive c (concave-up) index values 
(Fig. 3 and Table 1). 

Comparison to laboratory spectra acquired 
under simulated lunar conditions and convolved 
with the Diviner bandpasses indicates that anor- 
thite and all minerals more silicic than it have 
positive / parameter values. Only the most-silicic 
materials, containing substantial amounts of Si-rich 
glass, quartz, and/or alkali feldspars, display strong- 
ly concave-up spectral character, although labra- 
dorite is also weakly concave-up (Fig. 2). The CF 
positions of these materials occur at wavelengths 
well short of the Diviner 8-um channels. Other 
regions in each of these red spots have negative 
concavity index values but positive 7 parameter 
values. The average calculated CF position for these 
concave-down spectral shapes, modeled in the 
manner of (/0), is 7.87 um (1271 em !), which is 
consistent with a mixture of the silicic com- 
position with more mafic components. 


Gruithuisen 
Domes 


[2] Aristarchus 


Montes 


Hansteen Riphaeus 


Apna 


Lassell 
Massif 


[] Helmet O 


Fig. 1. Clementine 750-nm mosaic showing the locations of the features discussed in the text. The 
outline marks the boundary of the PKT as defined by (32). 
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Three-point spectra of each of the red spots 
are distinct from those of the surrounding terrain. 
Both mare and highlands materials in each re- 
gion have spectral shapes with negative concay- 
ity and slope index values. The average CF 
positions of local mare and highlands material in 


Fig. 2. Full-resolution (2 cm 
spectral sampling) laboratory 7 
spectra of major rock-forming 
minerals and those spectra con- 
volved to the Diviner channel-3 
to -5 bandpasses. Arrows mark 
the position of the silicate CF. 
Microcline does not display a 
strong CF. 
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Fig. 3. Concavity index 
maps overlaid on digitized 
Lunar Orbiter IV images. 
High values of the index 
(red) indicate increasing- 
ly silicic compositions. (A) 
Aristarchus Crater. (B) 
Gruithuisen Domes. (C) 
Hansteen Alpha. (D) Lassell. 
(E) Helmet and Southern 
Montes Ripheus. 
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each region are 8.33 and 8.19 um, respectively, 
which compare well with those derived from the 
global data set (/0). 

The regions previously interpreted to be the 
most silicic on the Moon have been classified as 
nearly pure anorthite, based on VIS/NIR spectral 
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observations (/6, 18). The spectral properties of 
these areas are key to our interpretation of the 
presence of even more-silicic minerals, indicating 
evolved lithologies. Diviner spectra of pure pla- 
gioclase from the inner ring of the Orientale 
multi-ring impact basin are concave-down with a 
positive slope index (Fig. 4), and the modeled CF 
position is 7.89 um, which is similar to that de- 
rived for the red-spot mixed lithologies. Of all the 
feldspars, anorthite has the longest-wavelength 
CF position, and this comparison indicates that 
red spots with CF positions shorter than those of 
areas interpreted to be pure anorthite, along with 
positive / parameter and c index values, are large- 
ly composed of quartz, Si-rich glass, and alkali 
feldspars, or mixtures thereof. 

The concave-upward shapes and positive 
slope indices in the spectra of Hansteen Alpha, 
Lassell Massif, the Gruithuisen Domes, and the 
southern rim and ejecta of Aristarchus Crater in- 
dicate the presence of highly silicic evolved lithol- 
ogies. Evolved compositions are also consistent 
with strong positive anomalies of Th, an in- 
compatible large-ion lithophile element (7, 8). 
Red spots that lack high Th anomalies also lack 
the concave-up spectral character in Diviner data, 
confirming a lack of silicic indicator minerals. 
These include the Helmet Feature, Darney Chi, 
Darney Tau, Montes Riphaeus, and Mons La 
Hire. Spectra of the Helmet Feature and Montes 
Riphaeus display concave-down shapes and have 
negative slope parameters (Fig. 4) and are gen- 
erally indistinguishable from the surrounding high- 
lands in the Diviner data (Fig. 3) (19). The 
distribution of high-Si compositions is spatially 
correlated with the Th anomalies in Lunar Pros- 
pector Gamma-Ray Spectrometer (GRS) data (8, 9) 
and low FeO abundance derived from Clementine 
UV/VIS/NIR imagery (20, 27). Red spots lacking 
a silicic composition have typical Th and FeO 
abundances. 

The four silicic features described here have 
variable geologic settings that probably represent 
both extrusive and intrusive igneous processes. 
The Gruithuisen Domes and Hansteen Alpha have 
previously been proposed to be silicic volcanic 
constructs (3, 5, 6, 22). The compositions as de- 
termined by Diviner are consistent with previous 
interpretations of these features resulting from 
silicic extrusive volcanic processes. The Aristarchus 
and Lassell regions appear to be sampling silicic 
lithologies emplaced at depth. The Si-rich ma- 
terials at Aristarchus are confined to the southern 
rim and ejecta of Aristarchus Crater, whereas the 
thick blanket of TiO-poor pyroclastic materials 
that covers much of the Aristarchus Plateau (23, 24) 
does not have a silicic spectral signature in Diviner 
data. This suggests that Aristarchus Crater ex- 
posed an intrusive silicic lithology. Alternatively, 
the Aristarchus cratering event could have exposed 
an extrusive lithology that was subsequently buried 
by mare lavas and the pyroclastic deposits of the 
Aristarchus Plateau. The silicic materials in the 
Lassell region (Fig. 3e) are associated with an 
~50 x 20-km patch of highlands material (the 
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Lassell Massif) and the small impact craters Lassell 
K, G, and C (25). The direct association of the 
silicic signature with the impact craters at the 
Lassell site suggests that it is due to the exposure 
of plutonic material or a thick sequence of buried 
extrusive lavas sampled at depth. 

Silicic lithologies on the Moon probably occur 
as both intrusive plutons and extrusive lavas. Ex- 
trusive silicic volcanism, which is likely to have 
formed Hansteen Alpha and the Gruithuisen 
Domes, occurred in the Late Imbrian epoch be- 


fore most mare volcanism occurred (22, 25, 26). 
Mare lavas embay these likely volcanic edifices, 
indicating that they were once more extensive. 
The mechanisms for forming highly evolved li- 
thologies are a subject for debate. Small frag- 
ments of lunar granite/felsite are present in Apollo 
soil samples, and age dating gives crystallization 
ages that span a range of 500 million years (27), 
indicating that magmatic processes capable of 
producing highly evolved compositions occurred 
over an extended period of time. Two basic mod- 


Table 1. Characteristics of features discussed in the text. Dashes indicate that no CF position was 


calculated. 

Modeled Surface 
Feature CF* , temperature Th (ppm)t 
Hansteen Alpha (c > 0) - 0.00514 0.0217 381.4 6 
Hansteen Alpha (c <0) 7.98 —0.00535 0.0041 381.9 6 
Hansteen Mare 8.36 —0.01471 —-0.0275 386.4 5. 
Hansteen Highlands 8.29 —0.01300 -—0.0202 379.2 3 
Lassell (c > 0) - 0.00651 0.0256 375.3 11 
Lassell (c < 0) 7.69 —0.00564 0.0076 372.9 11 
Lassell Highlands 8.12 —0.01184 -0.0124 374.0 
Lassell Mare 8.31 —0.01324  -0.0225 379.9 7 
Gruithuisen Gamma (c > 0) - 0.00448 0.0139 356.0 10 
Gruithuisen Gamma (c < 0) 7.93 —0.01048 0.0019 358.5 10 
Gruithuisen NW (c > 0) - 0.02935 0.0462 360.4 10 
Gruithuisen Mare 8.29 —0.01462 -0.0224 345.3 7 
Gruithuisen Highlands 8.15 —0.01111 -0.0091 330.7 13 
Aristarchus Crater (c > 0) - 0.00797 0.0339 371.8 14 
Aristarchus Crater (c < 0) 7.72 —0.00459 0.0112 377.4 14 
Aristarchus Plateau 8.25 —0.01344 -0.0208 375.5 11 
Helmet 8.20 -0.01010  -0.0113 379.1 4 
Helmet Mare 8.36 —0.01443 —0.0286 382.0 4 
Southern Montes Riphaeus 8.09 —0.00634 -0.0028 377.2 5 


*CF positions for spectra with positive concavity index values cannot be calculated in the manner of (20). 


tSmall-region 


Th values [in parts per million (ppm)] are based on the deconvolved abundances determined by (33). 
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Fig. 4. Diviner and laboratory three-point spectra. (A) Spectra from select regions discussed in the text. 
(B) Laboratory spectra convolved to Diviner spectral resolution. 
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els have been proposed to account for the pres- 
ence of highly evolved compositions on the 
Moon. Silicate liquid immiscibility is a mecha- 
nism that has been proposed to be responsible for 
the origin of the Apollo granite/felsite grains (28). 
It requires that a basaltic magma undergo nearly 
complete fractional crystallization before the sin- 
gle residual melt separates into two immiscible 
melts: one that is SiO>-poor and FeO rich, and 
one that is rich in SiO, and alkalis. It is unlikely 
that the silicic lavas produced from the small 
amount of residual melt produced by this process 
could form large volcanic structures such as the 
Gruithuisen Domes or Hansteen Alpha (7). It is 
possible, however, that large granitic plutons could 
have been produced within the lunar crust as a 
result of the slow crystallization of late-stage mag- 
ma ocean residual melt (29, 30). This slow cooling 
method would preclude the formation of large 
volumes of extrusive lavas (7), but it is a reason- 
able scenario for the formation of large granitic 
bodies that could be exposed by impact craters. 

A second mechanism that could produce large 
volumes of silicic melt is basaltic underplating, in 
which a hot basaltic magma intrudes into the lunar 
crust, causing melting of the anorthositic crust and 
the generation of silicic magmas (7). This process 
can produce large volumes of buoyant silicic mag- 
mas that rise to the surface as rhyolite plumes (3/). 
As previously suggested, the thin crust, high abun- 
dance of heat-producing elements, and large-scale 
basaltic magmatism in the PKT all favor the ba- 
saltic underplating hypothesis (7). Because all four 
silicic regions discussed in this work occur within 
the PKT, this mechanism for silicic melt produc- 
tion should be strongly considered. 

These four silicic regions have distinctly dif- 
ferent geologic settings. The Gruithuisen Domes 
and Hansteen Alpha are probably the result of 
extrusive silicic volcanism (5, 6, 22). Silicic ma- 
terials have also been exposed by impact craters 
in the Aristarchus and Lassell regions, perhaps 
indicating the formation of silicic plutons at depth. 
Taken together with the proposed magmatic pro- 
cesses, Diviner data point to multiple igneous pro- 
cesses occurring over a sustained period of time, 
resulting in the formation of silica and rare earth 
element—enriched compositions on the Moon. 
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The Amazon is one of the few continental regions where atmospheric aerosol particles and their effects 
on climate are not dominated by anthropogenic sources. During the wet season, the ambient conditions 
approach those of the pristine pre-industrial era. We show that the fine submicrometer particles accounting 
for most cloud condensation nuclei are predominantly composed of secondary organic material formed by 
oxidation of gaseous biogenic precursors. Supermicrometer particles, which are relevant as ice nuclei, 
consist mostly of primary biological material directly released from rainforest biota. The Amazon Basin 
appears to be a biogeochemical reactor, in which the biosphere and atmospheric photochemistry produce 
nuclei for clouds and precipitation sustaining the hydrological cycle. The prevailing regime of aerosol-cloud 
interactions in this natural environment is distinctly different from polluted regions. 


tmospheric aerosols are key elements of 

the climate system. Depending on com- 

position and abundance, aerosols can in- 
fluence Earth’s energy budget by scattering or 
absorbing radiation and can modify the character- 
istics of clouds and enhance or suppress precip- 
itation. The direct and indirect aerosol effects on 
climate are among the largest uncertainties in the 
current understanding of regional and global en- 
vironmental change. A crucial challenge is devel- 
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oping a quantitative understanding of the sources 
and properties of aerosol particles, including pri- 
mary emission from the Earth’s surface, secondary 
formation in the atmosphere, chemical composi- 
tion and mixing state, and the ability to nucleate 
cloud droplets and ice crystals—all as influenced 
by human activities as compared with natural con- 
ditions (/—4). 

During the wet season, the Amazon Basin is 
one of the few continental regions where aerosols 
can be studied under near-natural conditions (5—7). 
The Amazonian Aerosol Characterization Experi- 
ment 2008 (AMAZE-08) was conducted in the 
middle of the wet season at a remote site north of 
Manaus, Brazil (February to March 2008), and the 
investigated air masses came with the trade wind 
circulation from the northeast over some 1600 km 
of pristine tropical rainforest (8). Here, we focus 
on measurements performed in the period of 3 
to 13 March 2008, when the influence of long- 
range transport from the Atlantic Ocean, Africa, 
or regional anthropogenic sources of pollution 
was particularly low and the aerosol properties 
were dominated by particles emitted or formed 
within the rainforest ecosystem (6, 7, 9, 10). The 


measurement techniques applied include scanning 
electron microscopy (SEM) with energy-dispersive 
x-ray spectroscopy (EDX), atomic force micros- 
copy (AFM), secondary ion mass spectrometry 
(NanoSIMS), aerosol mass spectrometry (AMS), 
differential mobility particle sizing (DMPS), ultra- 
violet aerodynamic particle sizing (UV-APS), and 
counting of cloud condensation nuclei (CCN) and 
ice nuclei (IN) (8). To our knowledge, this study 
provides the first comprehensive, detailed, and 
size-resolved account of the chemical composi- 
tion, mixing state, CCN activity, and IN activity of 
particles in pristine rainforest air approximating 
pre-industrial conditions (5—7). 

SEM images of characteristic particle types 
are shown in Fig. 1. Nearly all detected particles 
could be attributed to one of the following five 
categories: (i) secondary organic aerosol (SOA) 
droplets that were formed by atmospheric oxi- 
dation and gas-to-particle conversion of biogenic 
volatile organic compounds (9) and in which no 
other chemical components were detectable; (ii) 
SOA-inorganic particles composed of secondary 
organic material mixed with sulfates and/or chlo- 
rides from regional or marine sources (6); (iti) 
primary biological aerosol (PBA) particles, such 
as plant fragments or fungal spores (6, 1/, 12); 
(iv) mineral dust particles consisting mostly of 
clay minerals from the Sahara desert (6, /3); or 
(v) pyrogenic carbon particles that exhibited char- 
acteristic agglomerate structures and originated 
from regional or African sources of biomass burn- 
ing or fossil fuel combustion (6). In mixed SOA- 
inorganic particles, the organic fraction was typically 
larger than the inorganic fraction. The primary 
biological, mineral dust, and pyrogenic carbon par- 
ticles were also partially coated with organic ma- 
terial [supporting online material (SOM) text]. 

The average number and mass size distri- 
bution, composition, and mixing state of particles 
as detected with microscopy and complementary 
online measurements are shown in Fig. 2. The 
online instruments measure different types of 
equivalent diameters, which can vary depending 
on the shape and the density of the particles. Never- 
theless, the size distribution patterns obtained with 
the different techniques are in overall agreement 
with each other. SEM is the one method that cov- 
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ers the full particle size range and provides de- 
tailed information about composition and mixing 
state. The online measurement techniques, how- 
ever, are more reliable for the absolute concen- 
tration values because of their better sampling and 
counting statistics. The integral particle number 
and mass concentrations as well as the relative 
proportions of different types of particles corre- 
sponding to the displayed size distributions are 
summarized in tables S1 and S2. The observed 
particle number and mass size distributions can be 
separated into two characteristic fractions with a 
dividing diameter of 1 um. The submicrometer frac- 
tion dominated the total particle number concen- 
tration (>99% of ~200 cm °) (Fig. 2A and table 
S1), whereas the supermicrometer fraction ac- 
counted for most of the total particle mass concentra- 
tion (~70% of ~2 ug m°) (Fig. 2C and table S82). 

The submicrometer fraction exhibited three char- 
acteristic modes as indicated by local maxima in 
the number size distribution (Fig. 2B): a nucle- 
ation mode (<0.03 um), an Aitken mode (0.03 to 
0.1 um), and an accumulation mode (0.1 to 1 um). 
According to single particle analysis (SEM, 
AFM, and NanoSIMS), pure SOA droplets dom- 
inated the nucleation and Aitken modes (number 
fraction >99%) (Fig. 2A). The accumulation mode 
consisted of pure SOA droplets, mixed SOA- 
inorganic particles, and pyrogenic carbon par- 
ticles. Overall, the pure SOA droplets represented 
~85% of the number concentration of submicro- 
meter particles and potential CCN, and the mixed 
SOA-inorganic particles accounted for another 
~10% (table S1). 

The microscopy results were consistent with 
the accompanying online measurements. Specifi- 
cally, the proportion of organic matter measured 
by AMS was >90% in the Aitken range and >80% 
in the accumulation range, in which the proportion 
of sulfate increased (Fig. 2D). The submicrometer 
organic mass concentrations determined by means 
of AMS were higher than the corresponding SEM 
results, which is probably due to partial evapo- 
ration (/4). The average oxygen-to-carbon ratio 
of 0.44 and the mass spectra observed during 
AMAZE-08 for the submicrometer organic matter 
are in good agreement with laboratory studies of 
biogenic SOA from isoprene and terpene oxida- 
tion (9, 75). PBA compounds detectable with AMS, 
such as proteins, amino acids, and carbohydrates, 
contributed less than 5% to the submicrometer 
particulate matter (9). 

The predominance of SOA is further reflected 
in the effective hygroscopicity parameter « deter- 
mined through size-resolved CCN measurements 
(J0). This parameter describes the influence of 
chemical composition on the ability of particles 
to absorb water vapor and form cloud droplets. 
Throughout the campaign, the « values in the 
Aitken range were nearly constant at « ~ 0.1, 
which is in agreement with laboratory investi- 
gations of biogenic SOA from isoprene and ter- 
pene oxidation (4, 76) and much lower than the « 
values of ammonium sulfate, sodium chloride, 
and other inorganic salts commonly observed in 


aerosols (0.6 to 1.3) (77). In the accumulation 
mode size range (0.1 to 1 um), « increased to 
~ 0.15 as the proportion of sulfate increased to 
~10% (Fig. 2D). Nevertheless, the effective hy- 
groscopicity remained lower by a factor of ap- 
proximately two than the approximate global 
continental average value of « ~ 0.3 (10, 78). 

The supermicrometer fraction with a local max- 
imum (coarse mode) around 2 to 3 um consisted 
mostly of PBA particles with a number fraction 
of ~80% (mass fraction 85%) plus some mineral 
dust and mixed SOA-inorganic particles with 
number fractions of 10 and 6%, respectively (Fig. 
2, A and C, and tables S1 and S2). The SEM 
results were consistent with online measurements 
of fluorescent biological aerosol (FBA) particles, 
which can be regarded as a lower-limit proxy for 
PBA particles (19, 20). The number and mass 
fractions of supermicrometer FBA particles were 
40 and 64%, respectively (Fig. 2, B and D, and 
tables S1 and S2). 
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Measurements and modeling of IN concen- 
trations during AMAZE-08 suggest that ice for- 
mation in Amazon clouds at temperatures warmer 
than —25°C is dominated by PBA particles (20). 
Although the number concentration of such ef- 
ficient biological IN is low (about | to 2 L'), 
they are nevertheless the first to initiate ice for- 
mation and can have a strong influence on the 
evolution of clouds and precipitation (2/—23). At 
temperatures colder than —25°C, both locally 
emitted PBA and mineral dust particles imported 
from the Sahara desert can act as IN and induce 
cold rain formation. The IN activity of mineral 
dust may in fact also be influenced by biological 
materials, as suggested in earlier studies that in- 
clude aircraft observations of ice cloud residuals 
(21, 24). In any case, PBA particles appear to be 
the most efficient IN and, outside of Saharan dust 
episodes, also the most abundant IN in the 
Amazon Basin. Moreover, the supermicrometer 
particles can also act as “giant” CCN, generating 
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Fig. 1. Characteristic particle types observed by means of SEM of filter samples collected during AMAZE- 
08 (3 to 13 March 2008). (A) SOA droplet. (B) Mixed SOA-inorganic particle. (C) Pyrogenic carbon particle 
with organic coating. (D) Mineral dust particle without coating. (E and F) PBA particles (E) with and (F) 
without organic coating. SOA droplets and organic coatings appear dark gray, filter pores appear black, 


and filter material appears light gray (8). 
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large droplets and inducing warm rain without 
ice formation (2, 2/). 

The low aerosol concentrations and the high 
proportions of secondary organic and primary 
biological matter suggest that the climate system 
interactions between aerosols, clouds, and pre- 
cipitation over pristine rainforest regions may 
substantially differ from both pristine marine re- 
gions (“green ocean” versus “blue ocean”) as well 
as from polluted environments (2, 25). Model 
calculations using the aerosol size distributions 
and the hygroscopicity parameters determined in 
AMAZE-08 suggest that the activation of CCN 
in convective clouds over the pristine Amazonian 
rainforest is aerosol-limited, which means that 


Fig. 2. Prevalence of dif- 
ferent aerosol types in 
the (A and B) number 
size distribution (dW/dlogD) 
and (C and D) mass size 
distribution (d/M/dlogD) 
plotted against particle 
diameter (D) as observed 
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the number of cloud droplets is directly propor- 
tional to the number of aerosol particles (fig. S1) 
(26). In contrast, the formation of cloud drop- 
lets in polluted environments (including parts 
of the Amazon Basin influenced by intense bio- 
mass burning during the dry season), tends to be 
updraft-limited, which means that the number of 
cloud droplets depends primarily on the updraft 
velocity (26). In these environments, the abun- 
dance of CCN is usually dominated by anthropo- 
genic particles from sources related to combustion 
processes (/8). 

Over the pristine Amazonian rainforest, con- 
vective clouds for which biogenic SOA particles 
serve as CCN may in turn promote the formation 


SOA m PBA 
© SOA-Inorganic m@ Mineral 
mi Pyrogenic Carbon Other $ 
a 
20. 
a 
ss 0.00 
Total Aerosol Hi FBA 1:0: 
lm Other 0.8 o. 
3, 
we 


SOA m PBA 6 
Ga SOA-Inorganic m@ Mineral 
mi Pyrogenic Carbon Other 4 


of ~10 to 50% (8). There is a change of scales at D = 1 um (left versus right ordinate). 


Fig. 3. Aerosol and water cycling 
over the pristine rainforest. SOA 
formed by photo-oxidation of vola- 
tile organic compounds (VOC) and 
PBA emitted from biota in the 
rainforest (plants and microorga- 
nisms) serve as biogenic nuclei for 
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of new SOA particles. During AMAZE-08, no 
new particle formation events were observed, 
which is consistent with earlier Amazonian aero- 
sol studies (6, 7) but unlike most other con- 
tinental regions of the world (27, 28). The low 
abundance of nucleation mode particles (<30 nm) 
(Fig. 2B, DMPS) and the relatively high abun- 
dance of SOA particles in the Aitken mode 
suggest, by inference, that new particle formation 
occurred in the free troposphere, possibly in the 
outflow of convective clouds, and that the newly 
formed particles were transported from aloft into 
the boundary layer, possibly in the downdraft of 
convective clouds (6, 7, 29, 30). Similarly, pre- 
cipitation induced by PBA particles acting as IN 
or giant CCN sustains the reproduction of plants 
and microorganisms in the ecosystem from which 
both the SOA precursors and the PBA particles 
are emitted (such as bacteria, fungi, pollen, and 
plant debris) (6, //). Accordingly, the Amazon 
Basin can be pictured as a biogeochemical reactor 
using the feedstock of plant and microbial emis- 
sions in combination with high water vapor, solar 
radiation, and photo-oxidant levels to produce 
SOA and PBA particles (3/7, 32). The biogenic 
aerosol particles serve as nuclei for clouds and 
precipitation, sustaining the hydrological cycle and 
biological reproduction in the ecosystem (Fig. 3). 
The feedback mechanisms involved may be im- 
portant for stabilizing the Amazonian rainforest 
ecosystem and may also be generally relevant for 
the evolution of ecosystems and climate on global 
scales and in the Earth’s history. To test this hy- 
pothesis, we suggest further studies and long-term 
observations of aerosol properties and aerosol- 
cloud-precipitation interactions under pristine 
conditions in other regions and climatic zones 
with high biological activity, including tropical, 
temperate, and boreal forests. 
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Melting of Peridotite to 


140 Gigapascals 


G. Fiquet,** A. L. Auzende,* J. Siebert, A. Corgne,”’? H. Bureau,” H. Ozawa,"* G. Garbarino” 


Interrogating physical processes that occur within the lowermost mantle is a key to understanding 
Earth's evolution and present-day inner composition. Among such processes, partial melting has 
been proposed to explain mantle regions with ultralow seismic velocities near the core-mantle 
boundary, but experimental validation at the appropriate temperature and pressure regimes 
remains challenging. Using laser-heated diamond anvil cells, we constructed the solidus curve of 
a natural fertile peridotite between 36 and 140 gigapascals. Melting at core-mantle boundary 
pressures occurs at 4180 + 150 kelvin, which is a value that matches estimated mantle geotherms. 
Molten regions may therefore exist at the base of the present-day mantle. Melting phase relations 
and element partitioning data also show that these liquids could host many incompatible 


elements at the base of the mantle. 


eophysical and geochemical observa- 
Gi favor the presence of chemical 

heterogeneities in the lowermost mantle. 
These are thought to be either primitive mantle 
residues (/), dense subducted slab components 
(2), products of chemical interactions between 
the core and mantle (3, 4), or dense melts perhaps 
as old as the Earth itself (5). The core-mantle 
boundary is a complex region that has been the 
focus of numerous geophysical studies. Seismo- 
logic studies suggest the presence of two large 
low-shear velocity provinces (LLSVPs) under the 
African continent and in the pacific basin (6, 7). 
The consensus view is that these slow regions 
(which are possibly up to 1000 km thick) exhibit 
an anomalously low shear velocity and increased 
bulk modulus but are not usually thought to be 
partially molten (8). Additionally, extensively doc- 
umented ultralow-velocity zones (ULVZs) cor- 
respond to localized features at the core mantle 
boundary (CMB), with strong reductions in 
seismic velocities (in the range of 10 to 30%) 
for both P and S waves (9, /(0); the interpretation 
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is that these zones may be partially molten (5). 
Recent high-resolution waveform studies also 
find evidence that the ULVZ material is denser 
than the surrounding mantle (//). These partially 
molten regions have not been detected to be lat- 
erally continuous and have a thickness ranging 
from a few kilometers up to about 50 km. 

It is attractive to link these observations with 
an episode of extensive melting that probably 
affected the primitive Earth, leading to the for- 
mation of a deep magma ocean. If the evolution 
of a terrestrial magma ocean resulted in the 
formation of a layer of melt at the base of the 
mantle early in Earth history, its survival depends 
on whether it was (and maybe still is) gravita- 
tionally and chemically stable (/2). If this is the 
case, such a layer would be an ideal candidate for 
an unsampled geochemical reservoir hosting a 
variety of incompatible species, notably the plan- 
et’s missing budget of heat-producing elements 
(13). The presence of high-pressure melts would 
also have consequences for chemical reactions 
between the mantle and core, the dynamics of 
the lowermost mantle, and the heat flow across 
the CMB. 

To constrain the existence of melt at the base 
of the mantle, we performed melting experiments 
on a fertile peridotite composition over a range of 
lower-mantle pressures between 36 and 140 GPa 
using a laser-heated diamond-anvil cell (DAC) 
coupled with in situ synchrotron measurements 
(/4). Our study thus extends the pressure range of 
previous measurements (/5, /6) of the solidus 
and liquidus temperatures of a mantle-like com- 
position to depths exceeding those of the CMB at 
2900 km. The starting material used for the high- 


pressure high-temperature melting experiments is 
a natural KLB-1 peridotite (/4). To ensure chem- 
ical homogeneity at the smallest scale and Fe as 
mostly Fe**, a glass was prepared by using an 
aerodynamic levitation device coupled with CO, 
laser heating under slightly reducing conditions 
of oxygen fugacity (/7). At high temperature, 
pressures were measured from cell parameters of 
the magnesium perovskite (Mg,Fe)Si03 by using 
a thermal equation of state recently reported for 
the same KLB-1 peridotitic starting material as 
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Fig. 1. Diffraction patterns collected at 61 GPa 
after normalized reference background subtrac- 
tion: subsolidus at 2715 K (bottom) and above 
solidus at 3750 K (top). The diffuse scattering liquid 
contribution is outlined by the shaded area as a 
guide; it does not correspond to a physical structural 
model of the liquid. HKL indexes are given for 
remaining diffraction peaks that can be assigned 
to magnesium silicate perovskite, observed above 
the solidus temperature at this pressure (top). Stars 
denote diffraction peaks of Ca-perovskite and fer- 
ropericlase affected by partial melting at these 
conditions (bottom). 
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used in our study (78). We used in situ x-ray dif- 
fraction as primary criterion for melting (79) and 
to determine the order in which crystalline phases 
melt (Fig. 1). 

At 36 GPa, melting begins at 2800 K, with 
Mg- and Ca-perovskite (CaSi03) melting first. The 
produced melt is far more laser-absorbent; a 
sharp increase in temperature accompanies melt- 
ing. This leads almost instantly to conditions 
above the liquidus, preventing an accurate char- 
acterization of a detailed melting sequence. Trans- 


Fig. 2. Analytical TEM 
examination of a sample re- 
covered after partial melt- 
ing at 61 GPa: (left) bright 
field micrograph and (right) 
chemical maps. Some un- 
transformed glassy mate- 
rial (GL) can be observed 
near the surface (panel 1), 
with chemical analysis yield- 
ing the average chemical 
composition of the starting 
material, thus showing the 
absence of reaction between 
sample and diamond during 
experimentation. A rim of 
ferropericlase (Fp) crystals 


mission electron microscopy (TEM) examination 
of a focused ion beam section made across the 
laser-heated spot on the recovered sample (fig. $3) 
and the large temperature increase at melting may 
indicate that Mg-perovskite melts early in the 
sequence (fig. S4). At this pressure, the liquidus 
temperature is ~3850 K, as determined during 
cooling from a fully molten state by a large tem- 
perature drop when the first phase crystallizes. At 
61 GPa, melting of ferropericlase (Mg,Fe)O in- 
dicates the solidus temperature is ~3050 K, closely 


appearing in red (iron-rich) exists at the edge of the laser-heated area. These crystals connect by veins to 
large patches of ferropericlase dispersed in the central area dominated by magnesium silicate perovskite 
(Mg-pv) in green (silicon-rich). Calcium silicate perovskite (Ca-pv) grains appear in blue (calcium-rich); most 
of them are located along ferropericlase-rich veins or at the edge of ferropericlase patches (panel 2). Some 
metallic iron precipitates exist in the iron-enriched ferropericlase regions (bright red spots). Melts probably 
formed after melting of ferropericlase and Ca-perovskite, which tend to percolate away from the heated 
area (probably as a result of thermal pressure) then crystallize on the edge in contact with the cold 
untransformed glassy material to form a rim surrounding the heated area. 


Fig. 3. Solidus (black solid circles) om 
and liquidus (gray solid circles) of 
peridotite, along with melting curve 
data from the literature. Shown are 
the average estimate of the solidus 
for KLB-1 peridotite from previous 
multi-anvil work (22); the solid gray 
diamond indicates the shock melt- 
ing point of olivine (23). Melting 
temperatures of the major lower 
mantle phases Mg-perovskite (32) 
and ferropericlase (33) are indi- 
cated by long-dashed lines. Melting 
data for a pyrolitic composition 
(dot-dashed line) are from (26). Tem- 
perature error bars represent temper- 
ature fluctuations during heating. 
Pressure error bars include the pres- 
sure variation in the sample chamber 
associated with temperature fluctua- 
tions as well as the uncertainty in the 
thermal equation of state of the mag- 
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followed by melting of Ca-perovskite with increas- 
ing temperature. Mg-perovskite is the last stable 
phase below the liquidus, which is ~4200 K. The 
observation of the recovered sample (Fig. 2) reveals 
the presence of connected veins of ferropericlase 
in a matrix made of Mg-perovskite. Ca-perovskite 
grains are found along these veins as well as within 
the Mg-perovskite matrix, suggesting that Ca- 
perovskite was partly mobilized by melting. Ferro- 
periclase veins also collected small (<100 nm) 
globules of metallic iron, which is consistent with 
the disproportionation of ferrous iron in the sta- 
bility field of Mg-perovskite (20). At pressures 
above 61 GPa, it is more difficult to distinguish 
whether ferropericlase or Ca-perovskite melts 
first. It is clear, however, that Mg-perovskite is 
the last solid phase below the liquidus. We ob- 
served a smooth increase of melting temperatures 
with increasing pressures. At 112 GPa, the sol- 
idus is located at 3910 K. At CMB pressure and 
temperature conditions (136 GPa and tempera- 
tures above 4000 K) and above, the melting se- 
quence remains the same: Ca-perovskite and 
ferropericlase melt first, followed by Mg-perovskite. 
Mg-perovskite is thus the liquidus phase between 
60 GPa (perhaps less) and pressure conditions at 
the CMB (fig. S5). 

Above 61 GPa, the observed liquidus phase 
deviates from previous observations made at 24 GPa 
in multi-anvil experiments, in which ferropericlase 
was shown to be the liquidus phase, followed by 
Mg-perovskite 50 K below the liquidus (located at 
2600 K) and Ca-perovskite 150 K lower, near the 
solidus (2/). However, our observations are in 
qualitative agreement with other multi-anvil ex- 
periments (/5), which suggest that Mg-perovskite 
should replace ferropericlase as the liquidus phase 
at pressures above 30 GPa, whereas our measure- 
ments suggest that this should happen at pressures 
above 36 GPa. 

Solidus and liquidus points determined in this 
study compare well with literature data (Fig. 3). 
Data from previous DAC work in the 40 to 60 GPa 
range (/6) are reported as an average solidus 
curve derived from the last subsolidus measure- 
ments and the appearance of first melt described 
in this study. Our measurements are in agreement 
with this work, although a completely different 
melting criterion was used in the latter study. Ex- 
trapolation of our solidus curve to lower pres- 
sures is also consistent with a large-volume press 
measurement of the solidus for KLB-1 peridotite 
(22). Furthermore, our data are also in good agree- 
ment with the mantle solidus inferred at CMB 
conditions from a single shock experiment on 
(Mgo.9,Feo,1)2SiO4 (23) and from recent first prin- 
ciples molecular dynamics simulations (24). In the 
latter study, the predicted melting temperature of 
MgSiO; perovskite at 136 GPa is 5400 + 600 K, 
and the authors estimate a mantle solidus temper- 
ature of 4100 K. 

The solidus curve is about 1400 K above an 
average mantle adiabat (25) at mid-mantle pres- 
sures, but the difference shrinks rapidly above 
120 GPa as we approach the CMB (Fig. 3). At 
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135 GPa, the peridotitic mantle solidus temper- 
ature extrapolated from our data set is at 4180 + 
150 K. This value is within the range of proposed 
temperatures on the core side of the CMB, as cal- 
culated from an outer-core adiabat and melting 
experiments on iron alloys (26, 27) or as con- 
strained by the reverse transition from the CalrO3- 
type to the perovskite phase at the base of the D” 
layer (28). Partial melting in the deepest part of 
the mantle is therefore highly plausible. This 
process could therefore explain the presence of 
ULVZs. The close match between the average 
geotherm and mantle solidus at the CMB may 
also explain why ULVZs are not observed as a 
continuous layer in the deep mantle, with thick- 
nesses of partially molten regions varying dra- 
matically from cold to hot mantle areas. 

Our results also provide insights in the way an 
early magma ocean could have crystallized. Par- 
tial melting of mantle material and related frac- 
tional crystallization will have important geochemical 
implications in terms of trace elements. This ap- 
plies for both the inventory of incompatible el- 
ements and the isotopic evolution of the Earth. 
For instance, the semiquantitative analysis made 
on the sample recovered from 61 GPa shows a 
clear enrichment of the ferropericlase in iron, and 
an ubiquitous iron depletion in Mg-perovskite 
(table S1), which is in agreement with observa- 
tions made in earlier studies [(26) and references 
therein]. Partial melts enriched in Ca-perovskite 
and ferropericlase components are thus expected 
to be denser than a solid residue of Fe-depleted 
Mg-perovskite. These liquids could have seg- 
regated downward and remained at least partly 
isolated in the lower mantle if mantle convection 
was not too vigorous [(29) and references therein]. 
Because Ca-perovskite is the major host mineral 
for many key trace elements, such as U, Th, and 
rare earth elements (30), these liquids could frac- 
tionate and host at present many incompatible 
elements at the core-mantle boundary, thus offer- 
ing an explanation for primordial chemical sig- 
natures at the base of the mantle. 

The estimated thickness of such a partially 
molten layer varies between 0 to 35 km from the 
intersection of the modern geotherm shown in 
Fig. 3 with the solidus of the mantle silicate ma- 
terial obtained in our study; however, this thick- 
ness could have been as large as 100 km in the 
Archean, assuming a secular cooling proceed- 
ing at a maximum rate of 100 K per billion years 
(31). These features depend on the estimates of 
the geotherm in the CMB region, which depends 
on the core thermal profile and temperature. The 
extension of such partially molten regions would 
also vary with lateral variations of the geotherm 
in the lowermost mantle, with the thickest por- 
tions occurring at the base of upwelling plumes 
and a thin layer elsewhere, which is compatible 
with seismic observations of ULVZs. Such a par- 
tially molten layer can alter several properties of 
the lowermost mantle that could, as proposed 
earlier (5), control the convection regime of the 
lowermost mantle and the heat transfer between 


core and mantle and affect the stability of the ther- 
mal boundary layer at the CMB. 
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A Test of the Snowball Theory 
for the Rate of Evolution of 
Hybrid Incompatibilities 


Daniel R. Matute, lan A. Butler, David A. Turissini, Jerry A. Coyne 


Hybrids between species are often sterile or inviable because the long-diverged genomes of their 
parents cause developmental problems when they come together in a single individual. According to 
the Dobzhansky-Muller (DM) model, the number of genes involved in these “intrinsic postzygotic 
incompatibilities” should increase faster than linearly with the divergence time between species. This 
straightforward prediction of the DM model has remained contentious owing to a lack of explicit tests. 
Examining two pairs of Drosophila species, we show that the number of genes involved in postzygotic 
isolation increases at least as fast as the square of the number of substitutions (an index of divergence 
time) between species. This observation verifies a key prediction of the DM model. 


iological speciation involves the evolu- 
B tion of barriers to gene flow between two 
populations (/, 2). One of the most ef- 


fective of those barriers, because it is considered 
irreversible, is “intrinsic postzygotic isolation,” 
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the developmentally based inviability or sterility 
of species hybrids. Dobzhansky (7) and Muller 
(3) proposed a simple two-locus model showing 
how this form of isolation can result from the 
accumulation of genes that function normally in a 
pure-species genome but produce epistatic inter- 
actions in hybrids. 

The classic version of the Dobzhansky-Muller 
(DM) model, a population-genetics theory for the 
evolution of reproductive isolation (2), begins with 
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two loci in an ancestral species having geno- 
type A,;A;B,B, (the model can be expanded to 
more than two loci). The ancestral species then 
splits into two geographically isolated descend- 
ant species that eventually evolve genotypes 
A,A)B>B, and A,A>B;B, through natural selec- 
tion, genetic conflict, or sexual selection—or (less 
likely) genetic drift—that fixes allele A, in one 
species and B, in the other. The DM model posits 
that postzygotic isolation arises as a collateral ef- 
fect of this evolutionary divergence. In this case, 
although species having genotypes A,;A,B>B> 
and A,A>B,B, at two loci are fit, in hybrids, 
where the B, and A; alleles first encounter each 
other, they interact abnormally, producing steril- 
ity or inviability (/—5). 

Although several studies have identified 
genes causing hybrid incompatibilities (4—8), little 
is known about the evolutionary rate at which 
these incompatibilities arise (9, 70). Mathematical 
modeling has shown that the expected number 
of two-locus DM incompatibilities should in- 
crease as fast as the square of the number of sub- 
stitutions between two species, the “snowball 
effect” (11, 12). (Three-way interactions should 
increase as fast as the cube of the number of 
substitutions between two species, and so on.) 
This is because DM interactions occur between 
two or more genes from different species, and if 
individual gene substitutions accumulate at a 
constant rate within each species, the number of 
negative epistatic interactions involving at least 
one gene from each species should grow at least 
with the square of time elapsed. Because this pre- 
diction requires counting genes causing hybrid 
incompatibilities in at least two different hybrid- 
izations between taxa of known divergence times, 
it cannot be tested in most groups of plants or 
animals (2, 73-15). 

We took advantage of the fact that Drosophila 
melanogaster females (mel) produce hybrid fe- 
males when crossed with D. simulans (sim) and 
D. santomea (san) males (6, 16-18) to test the 
snowball prediction of DM theory. We counted 
the number of incompatibilities that evolved 
since the divergence of each pair of species; the 
two pairs have divergence times differing by 
roughly 2.4 [mel-sim: 5.4 million years ago (Ma) 
and mel-san: 12.8 Ma (19)]. 

If we assume that DM interactions occur 
between pairs of loci, the snowball hypothesis 
leads us to expect at least six (~2.47) times as 
many incompatibilities between the older than 
between the younger species pair. We tested this 
prediction through fine-scale mapping and count- 
ing of the gene regions causing inviability in 
hybrid females (the only sex produced by both 
the mel x sim and mel x san crosses). 

We crossed females from D. melanogaster 
stocks containing known genomic deletions, or 
“deficiencies” [Bloomington Drosophila Fly 
Stock Center (/9)], maintained as heterozygotes 
against a balancer (Bal) chromosome carrying a 
dominant homozygous lethal mutation, to san 
and sim males. We determined the effect of each 
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hemizygous region (presumably expressing reces- 
sive alleles from san or sim) on the viability of 
hybrid female offspring from the two interspe- 
cific crosses (Fig. 1). If a D. melanogaster de- 
ficiency uncovered a recessive region of the other 
species’ genome producing hybrid lethality when 
hemizygous in hybrids with D. santomea, this 
cross would produce Bal/san but not Df/san hy- 
brid females (or, in hybrids with D. simulans, 
Bal/sim but not Df/sim) (Fig. 1) (6, 16). We con- 
sidered “inviability regions” to be those yielding 
relative viability (i.e., the ratio of hybrid progeny 
carrying the chromosome deficiency to the total 
number of offspring from that cross) significantly 
below 0.5 (7° test; P < 0.05). This approach de- 
tects epistatic interactions between a recessive 
allele of D. santomea (exposed when hemizygous) 
and a dominant factor in the me/ genome. Although 
it is not clear whether we uncovered genes directly 
involved in speciation—for their divergence may 
have occurred after speciation was complete— 
they do represent an evolutionary accumulation 
of hybrid incompatibilities and thus constitute a 
test of the snowball effect. 

The mel/san crosses tested about 92.0% of the 
D. melanogaster genome (calculated as the pro- 
portion of total chromosome bands covered in 
our deficiency screening); the mel/sim crosses 
tested about 79.4% of D. melanogaster genome. 
Finally, to establish whether the deficiencies had 
an effect on within-species viability when hetero- 
zygous in D. melanogaster females, we measured 
the relative viability of deficiency-carrying females 
in crosses between D. melanogaster Df/Bal (mel 
Df/Bal) females and D. melanogaster ArkLa males 
(a stock founded by females from wild popula- 
tions collected in Arkansas and Louisiana). 

The interspecific deficiency screening in 
san/mel hybrids shows 71 nonoverlapping chro- 
mosomal regions containing genes involved in 
DM incompatibilities (Fig. 2 and table S1). In 
contrast, in sim/mel hybrids, we found just 10 
regions involved in DM incompatibilities (Fig. 2 
and table $2). None of the deficiencies that 
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caused hybrid lethality showed reduced viabil- 
ity in intraspecific crosses, suggesting that the 
heterozygous-lethal effects are specific to hybrid 
backgrounds (table S3). 

When possible, we used overlapping defi- 
ciencies to further localize inviability genes in 
each cross. This also ensured that the inviability 
observed with each lethal deficiency could be 
reproduced with an independent deficiency in the 
same chromosome region. Of the 71 regions that 
caused hybrid inviability in mel/san hybrids, 61 
had overlapping deficiencies, and for each one of 
these 61 regions, at least one overlapping defi- 
ciency showed hybrid inviability. This shows that 
hybrid inviability is not an artifact of a stock’s 
genetic background and allowed us to further 
refine the mapping position of each inviability 
allele (Fig. 2 and tables S1 and S4). 

We used Orr’s theoretical framework (4) to 
determine the existence of the snowball effect 
predicted by the DM model, that is, whether the 
number of genes causing inviability in these two 
pairs of crosses increased quadratically (or even 
faster) with their relative divergence times. Be- 
cause there is no fossil record for these species, 
we estimated relative divergence times using a 
genetic proxy: the average number of synony- 
mous substitutions per gene (Ks) between each 
of the two pairs across the whole genome (20). 
Under the assumption of an approximate molec- 
ular clock, Ks increases linearly with divergence 
time, and, unlike phylogeny-based estimates, 
the Ks-based estimates of divergence time need 
not be transformed with calibrations from fos- 
sils and make no assumptions about generation 
times (20). 

We estimated Ks by counting the number of 
synonymous substitutions for the sim-mel (Ks 
sim-mel) and san-mel (Ks san-mel) species pairs 
for every sequenced gene shared by these species. 
These values were then averaged among genes 
to find the overall Ks (and its standard error, or 
SEM) for each pair of genomes (Ks sim-mel = 
0.101, SEM = 4.03 x 10 +; and Ks san-mel = 


Fig. 1. Crossing scheme used to produce 
two classes of hybrid female offspring, one 
of which is hemizygous for a section of 
D. santomea genome uncovered by a defi- 
ciency from D. melanogaster. This exam- 
ple shows the cross of a mel female to a 
san male. If the deficiency does not un- 
cover any lethal allele, half of the progeny 
will carry the FM6 balancer paired with a 
san X chromosome; the other half will 
carry the deficiency paired with a san X 
chromosome. Lethality or semilethality 
results in a dearth of deficiency-carrying 
offspring. 


17 SEPTEMBER 2010 


Downloaded from www.sciencemag.org on September 16, 2010 


1519 


REPORTS 


0.242, SEM = 8.17 x 10 “). To establish whether 
the observed data fulfill theoretical expectations, 
we calculated the expected number of incompat- 
ibilities under two models: one in which incom- 
patibilities accumulated linearly with the number 
of substitutions (i.e., absence of a snowball ef- 
fect, which could reflect reproductive isolation 
caused by nonepistatic factors such as accumu- 
lated chromosomal rearrangements), and a model 


in which the expected number of incompatibil- 
ities was proportional to the square of the total 
number of DNA substitutions (i.e., the presence 
of a snowball effect involving two-locus interac- 
tions). In these calculations we included viability 
data only for deficiency stocks tested in both sets 
of crosses (65 incompatibilities in the mel < san 
cross and 10 in the mel x sim cross). To determine 
which model was more likely to explain the data, 


we used the AIC [Akaike Information Criterion 
(21)] scores of each model and calculated the 
evidence ratio of Akaike weights for the quadratic 
model over the linear model. These scores were 
then converted to the normalized probability that 
the quadratic model is preferred over the linear 
model (2/). 

The Ks values, the observed number of in- 
compatibilities, the expected number of incom- 
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Fig. 2. Chromosomal locations of hybrid lethal regions (on a D. melano- 
gaster cytological map) for D. melanogaster x D. santomea and D. mel- 
anogaster x D. simulans crosses. All lethal regions detected contain at 
least one gene involved in an epistatic interaction between a recessive 
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element in the D. santomea (or D. simulans) genome and one or more 
dominant or semidominant factors in the D. melanogaster genome. Re- 
gions reducing viability in mel/san hybrids are shown in blue; those in 
mel/sim hybrids in red. 
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Fig. 3. Number of observed and expected hybrid incompatibilities in san/mel 
and sim/mel F, female hybrids. We fitted the linear and quadratic model that 
had lowest AIC values and forced the models through the origin (the assumption 
here is that at time zero, when there are no genetic substitutions between 
populations, there are no incompatibilities). P values are the normalized prob- 
ability that each model is to be preferred over the other one (e.g., the quadratic 
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model is to be preferred over the linear model and vice versa) according to the 
evidence ratio of Akaike weights. Deviations are highly significant for the linear 
model but not for the quadratic model, regardless of how we quantify “viability”; 
and in all cases the quadratic model explains the data better than the linear 
model. Different panels represent the four different definitions of “inviability”: 
(A) Lower than 0.5; (B) lower than 0.3; (C) lower than 0.1; and (D) equal to 0. 
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patibilities, and the results for all the model com- 
parisons are shown in Fig. 3. These data show 
that the number of incompatibilities does not ac- 
cumulate linearly with divergence time and is 
more consistent with a quadratic increase, as ex- 
pected if the evolution of those incompatibilities 
obeys the snowball effect. This result holds re- 
gardless of which estimate of divergence time we 
use (Fig. 1 and figs. S1 to S3). We thus conclude 
that hybrid incompatibilities between these spe- 
cies accumulate substantially faster than linearly 
with respect to their divergence time. 

In addition to fitting the linear and quadratic 
models to regions that caused a relative viability 
lower than 0.5, we used more stringent criteria for 
inviability, fitting the two models to regions that 
showed relative viabilities lower than 0.3, 0.1, and 
0. The results were similar in all cases (Fig. 1 and 
figs. S1 to S3) and revealed that, regardless of their 
size, deleterious epistatic interactions accumulate 
faster than linearly with divergence time. 

Besides counting incompatibilities, our results 
can be used to identify and isolate genes causing 
reproductive isolation between species. Deletion 
mapping in D. melanogaster/D. simulans hybrids 
has identified two “hybrid inviability” genes with 


function in nuclear transport and whose diver- 
gence occurred via natural selection (6, 8, 22). 
By confirming a key prediction of the DM the- 
ory and showing a snowball effect of the accu- 
mulation of genetic incompatibilities causing 
reproductive isolation, we support the view that 
postzygotic reproductive isolation often results 
from deleterious interactions in hybrids between 
genes that behave normally within species. 
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Hybrid Incompatibility “Snowballs” 
Between Solanum Species 


Leonie C. Moyle? and Takuya Nakazato?” 


Among the reproductive barriers that can isolate species, hybrid sterility is frequently 

due to dysfunctional interactions between loci that accumulate between differentiating lineages. 
Theory describing the evolution of these incompatibilities has generated the prediction, still 
empirically untested, that loci underlying hybrid incompatibility should accumulate faster than 
linearly with time—the “snowball effect.” We evaluated the accumulation of quantitative trait 
loci (QTL) between species in the plant group Solanum and found evidence for a faster-than-linear 
accumulation of hybrid seed sterility QTL, thus empirically evaluating and confirming this 
theoretical prediction. In comparison, loci underlying traits unrelated to hybrid sterility show 
no evidence for an accelerating rate of accumulation between species. 


incompatibility [after (J, 2)] proposes 

that hybrid sterility and inviability are 
due to negative genetic interactions between two 
or more loci [commonly called “Dobzhansky- 
Muller incompatibilities” (DMIs)] that have 
accumulated substitutions in diverging lineages. 
When brought together in hybrids, alleles in 
each divergent lineage interact dysfunctionally, 
which results in reduced hybrid fitness (3). The 
action of DMIs is supported by empirical ob- 
servation of the segregation of sterility in recom- 
binant populations, and the molecular genetic 


T= Dobzhansky-Muller model of hybrid 


‘Department of Biology, Indiana University, Bloomington, IN 
47405, USA. University of Memphis, Memphis, TN 38152, 
USA. 


*To whom correspondence should be addressed. E-mail: 
Imoyle@indiana.edu 


www.sciencemag.org SCIENCE VOL 329 


description of individual interacting loci under- 
lying hybrid incompatibility phenotypes (4, 5). 
The Dobzhansky-Muller model (3, 6-9) has 
produced empirically testable predictions includ- 
ing the “snowball effect’”—the number of DMIs 
accumulating between lineages is expected to 
“snowball” (increase faster than linearly) with 
increasing time since lineage divergence (3, 6). 
Formally, because DMIs are due to gene interac- 
tions (epistasis), the number of expected DMIs 
increases with the square of the number of substi- 
tutions differentiating two lineages, when DMIs 
are due to pairwise epistasis; DMIs due to in- 
teractions among more than two loci are ex- 
pected to accumulate even faster (6). Previous 
attempts to detect the snowball effect by mea- 
suring the strength of reproductive isolation be- 
tween lineages, rather than the number of genes 
involved, have failed to find a greater-than-linear 


increase in sterility over time (/0—/2). However, 
testing this theoretical prediction requires infor- 
mation on the number of DMIs contributing to 
specific isolating barriers among multiple closely 
related species, rather than simply their pheno- 
typic effects on hybrid sterility (3, 6). 

To evaluate the expected snowball of DMIs, 
we used data from three quantitative trait loci 
(QTL) mapping experiments among species in 
the plant genus Solanum (13-15). Each QTL ex- 
periment used a unique library of hybrid intro- 
gression lines [near-isogenic lines (NILs)] in 
which all or most of the genome of a wild (un- 
domesticated) Solanum species (Solanum pennellii, 
Solanum habrochaites, or Solanum lycopersicoides) 
was represented as short individual chromosom- 
al regions serially introgressed into the genetic 
background of domesticated tomato (Solanum 
lycopersicum). These three experiments are com- 
parable in the mean and distribution of hetero- 
specific introgression sizes and the generations 
of crossing used to create the lines, and they have 
similar statistical power for detecting pollen and 
seed sterility QTL (Table 1) (/5). Each experi- 
ment identified the number, genomic location, and 
phenotypic effect-size of chromosomal regions 
associated with two separate postzygotic sterility 
phenotypes (pollen sterility and seed sterility) acting 
between two species (/5). In each population, we 
also analyzed morphological traits unrelated to 
hybrid sterility (fruit shape and size of fertile seeds) 
as an internal control. As a proxy for time since 
lineage splitting, we estimated pairwise species mo- 
lecular divergence as the number of synonymous 
substitutions per synonymous site (K,) at six un- 
linked loci distributed throughout the genome (/5). 
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0.242, SEM = 8.17 x 10 “). To establish whether 
the observed data fulfill theoretical expectations, 
we calculated the expected number of incompat- 
ibilities under two models: one in which incom- 
patibilities accumulated linearly with the number 
of substitutions (i.e., absence of a snowball ef- 
fect, which could reflect reproductive isolation 
caused by nonepistatic factors such as accumu- 
lated chromosomal rearrangements), and a model 


in which the expected number of incompatibil- 
ities was proportional to the square of the total 
number of DNA substitutions (i.e., the presence 
of a snowball effect involving two-locus interac- 
tions). In these calculations we included viability 
data only for deficiency stocks tested in both sets 
of crosses (65 incompatibilities in the mel < san 
cross and 10 in the mel x sim cross). To determine 
which model was more likely to explain the data, 


we used the AIC [Akaike Information Criterion 
(21)] scores of each model and calculated the 
evidence ratio of Akaike weights for the quadratic 
model over the linear model. These scores were 
then converted to the normalized probability that 
the quadratic model is preferred over the linear 
model (2/). 

The Ks values, the observed number of in- 
compatibilities, the expected number of incom- 
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Fig. 2. Chromosomal locations of hybrid lethal regions (on a D. melano- 
gaster cytological map) for D. melanogaster x D. santomea and D. mel- 
anogaster x D. simulans crosses. All lethal regions detected contain at 
least one gene involved in an epistatic interaction between a recessive 


A hybrid viability < 0.5 B hybrid viability < 0.3 


element in the D. santomea (or D. simulans) genome and one or more 
dominant or semidominant factors in the D. melanogaster genome. Re- 
gions reducing viability in mel/san hybrids are shown in blue; those in 
mel/sim hybrids in red. 
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Fig. 3. Number of observed and expected hybrid incompatibilities in san/mel 
and sim/mel F, female hybrids. We fitted the linear and quadratic model that 
had lowest AIC values and forced the models through the origin (the assumption 
here is that at time zero, when there are no genetic substitutions between 
populations, there are no incompatibilities). P values are the normalized prob- 
ability that each model is to be preferred over the other one (e.g., the quadratic 
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model is to be preferred over the linear model and vice versa) according to the 
evidence ratio of Akaike weights. Deviations are highly significant for the linear 
model but not for the quadratic model, regardless of how we quantify “viability”; 
and in all cases the quadratic model explains the data better than the linear 
model. Different panels represent the four different definitions of “inviability”: 
(A) Lower than 0.5; (B) lower than 0.3; (C) lower than 0.1; and (D) equal to 0. 
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patibilities, and the results for all the model com- 
parisons are shown in Fig. 3. These data show 
that the number of incompatibilities does not ac- 
cumulate linearly with divergence time and is 
more consistent with a quadratic increase, as ex- 
pected if the evolution of those incompatibilities 
obeys the snowball effect. This result holds re- 
gardless of which estimate of divergence time we 
use (Fig. 1 and figs. S1 to S3). We thus conclude 
that hybrid incompatibilities between these spe- 
cies accumulate substantially faster than linearly 
with respect to their divergence time. 

In addition to fitting the linear and quadratic 
models to regions that caused a relative viability 
lower than 0.5, we used more stringent criteria for 
inviability, fitting the two models to regions that 
showed relative viabilities lower than 0.3, 0.1, and 
0. The results were similar in all cases (Fig. 1 and 
figs. S1 to S3) and revealed that, regardless of their 
size, deleterious epistatic interactions accumulate 
faster than linearly with divergence time. 

Besides counting incompatibilities, our results 
can be used to identify and isolate genes causing 
reproductive isolation between species. Deletion 
mapping in D. melanogaster/D. simulans hybrids 
has identified two “hybrid inviability” genes with 


function in nuclear transport and whose diver- 
gence occurred via natural selection (6, 8, 22). 
By confirming a key prediction of the DM the- 
ory and showing a snowball effect of the accu- 
mulation of genetic incompatibilities causing 
reproductive isolation, we support the view that 
postzygotic reproductive isolation often results 
from deleterious interactions in hybrids between 
genes that behave normally within species. 
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Hybrid Incompatibility “Snowballs” 
Between Solanum Species 


Leonie C. Moyle? and Takuya Nakazato?” 


Among the reproductive barriers that can isolate species, hybrid sterility is frequently 

due to dysfunctional interactions between loci that accumulate between differentiating lineages. 
Theory describing the evolution of these incompatibilities has generated the prediction, still 
empirically untested, that loci underlying hybrid incompatibility should accumulate faster than 
linearly with time—the “snowball effect.” We evaluated the accumulation of quantitative trait 
loci (QTL) between species in the plant group Solanum and found evidence for a faster-than-linear 
accumulation of hybrid seed sterility QTL, thus empirically evaluating and confirming this 
theoretical prediction. In comparison, loci underlying traits unrelated to hybrid sterility show 
no evidence for an accelerating rate of accumulation between species. 


incompatibility [after (J, 2)] proposes 

that hybrid sterility and inviability are 
due to negative genetic interactions between two 
or more loci [commonly called “Dobzhansky- 
Muller incompatibilities” (DMIs)] that have 
accumulated substitutions in diverging lineages. 
When brought together in hybrids, alleles in 
each divergent lineage interact dysfunctionally, 
which results in reduced hybrid fitness (3). The 
action of DMIs is supported by empirical ob- 
servation of the segregation of sterility in recom- 
binant populations, and the molecular genetic 


T= Dobzhansky-Muller model of hybrid 
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description of individual interacting loci under- 
lying hybrid incompatibility phenotypes (4, 5). 
The Dobzhansky-Muller model (3, 6-9) has 
produced empirically testable predictions includ- 
ing the “snowball effect’”—the number of DMIs 
accumulating between lineages is expected to 
“snowball” (increase faster than linearly) with 
increasing time since lineage divergence (3, 6). 
Formally, because DMIs are due to gene interac- 
tions (epistasis), the number of expected DMIs 
increases with the square of the number of substi- 
tutions differentiating two lineages, when DMIs 
are due to pairwise epistasis; DMIs due to in- 
teractions among more than two loci are ex- 
pected to accumulate even faster (6). Previous 
attempts to detect the snowball effect by mea- 
suring the strength of reproductive isolation be- 
tween lineages, rather than the number of genes 
involved, have failed to find a greater-than-linear 


increase in sterility over time (/0—/2). However, 
testing this theoretical prediction requires infor- 
mation on the number of DMIs contributing to 
specific isolating barriers among multiple closely 
related species, rather than simply their pheno- 
typic effects on hybrid sterility (3, 6). 

To evaluate the expected snowball of DMIs, 
we used data from three quantitative trait loci 
(QTL) mapping experiments among species in 
the plant genus Solanum (13-15). Each QTL ex- 
periment used a unique library of hybrid intro- 
gression lines [near-isogenic lines (NILs)] in 
which all or most of the genome of a wild (un- 
domesticated) Solanum species (Solanum pennellii, 
Solanum habrochaites, or Solanum lycopersicoides) 
was represented as short individual chromosom- 
al regions serially introgressed into the genetic 
background of domesticated tomato (Solanum 
lycopersicum). These three experiments are com- 
parable in the mean and distribution of hetero- 
specific introgression sizes and the generations 
of crossing used to create the lines, and they have 
similar statistical power for detecting pollen and 
seed sterility QTL (Table 1) (/5). Each experi- 
ment identified the number, genomic location, and 
phenotypic effect-size of chromosomal regions 
associated with two separate postzygotic sterility 
phenotypes (pollen sterility and seed sterility) acting 
between two species (/5). In each population, we 
also analyzed morphological traits unrelated to 
hybrid sterility (fruit shape and size of fertile seeds) 
as an internal control. As a proxy for time since 
lineage splitting, we estimated pairwise species mo- 
lecular divergence as the number of synonymous 
substitutions per synonymous site (K,) at six un- 
linked loci distributed throughout the genome (/5). 
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Table 1. Experimental details of three Solanum QTL mapping experiments. 
K, is synonymous site divergence between species; genome coverage is the 
percentage of the wild species’ genome represented in introgression lines; 
gens of crossing are the number of generations of crossing used to gen- 


introgression sizes, in centimorgans (cM) and as a percentage of the donor 
species genome (% genome); n is the experimental population size; min. 
detectable effect size is the average minimum detectable standardized effect 
size [d (22)], across all four traits (SSS, PF, FSH, and SSZ) for each experi- 


erate lines; introgression lengths are the mean and range of heterospecific | ment (75). 
Introgression lengths (cM) 

ei seineaaty K Genome Gens of No. of i Min. detectable 

P P . coverage (%) crossing NILs analyzed Mean Range effect size 
(% genome) (% genome) 

S. lycopersicum— 0.0277 98.2 7-10 ail 25 2.3-57.2 382 1.987 
S. pennellii (1.98) (0.18—4.54) 

S. lycopersicum— 0.0329 82.4—85.0 5-6 71 48.5 4.5-135.0 243 2.820 
S. habrochaites (4.0) (0.35—10.7) 

S. lycopersicum— 0.0663 64.2—84.2 7-11 40 42.4 7.5-124.7 251 1.996 
S. lycopersicoides (3.4) (0.61—10.1) 

To evaluate evidence for the nonlinear accu- 9 Seed Sterility 
mulation of DMIs, we compared regression models (Quadratic) 
describing linear and nonlinear relations between 7 
molecular divergence (time since lineage split- = ° thes Pollen Sterility 
ting) and the minimum number of sterility QTLs 2 ~ (Linear) 
observed between species pairs (Fig. 1). Under 5 Fruit Shape 
the snowball prediction, there should be a greater- § » (Linear) 
than-linear increase in DMIs with increasing 2 = 
molecular divergence between species pairs. We ® 5 Fertile Seed Size 
evaluated the relative goodness of fit of linear =e (Linear) 

(y = a,x), and two different quadratic models 2 = Fig. 1. Patt f la- 
(quad1: y = a,x + ax; quad2: y = a,x°) (Table a arcs Sag teckian carbs 

; : tion of QTL over evolutionary 
2). The last two models are nonlinear and con- o divergence between Solanum 
sistent with the snowball prediction; we evaluated 2. in ‘ : 

. species. Accumulation of seed 
both because the exact form of nonlinear accu- = sterility QTL is significantly 
mulation can vary with the complexity of gene nonlinear; pollen sterility QTL 
interactions underlying DMIs [e-g.. pairwise ver- S accumulation is consistent 
sus greater than pairwise (6)], which is not known 


in this or any other empirical system. Models were 
evaluated separately for pollen and seed sterility 
isolating barriers. All models were forced through 
the origin, because taxa that do not differ by any 
molecular substitutions are not expected to have 
accumulated any reproductive isolation loci. Be- 
cause linear and quad! models are hierarchically 
nested, we compared them with parametric statis- 
tics; linear and quad2 models were compared with 
the Akaike Information Criterion (AIC) (/5). 

For seed sterility, we detected significantly 
greater-than-linear accumulation of hybrid ste- 
rility loci, consistent with a snowball effect. This 
was true regardless of whether a linear model 
was compared with either quadratic fit (Table 2). 
In comparison, a linear model outperformed both 
nonlinear fits for pollen sterility data (Table 2); 
therefore, our analysis did not support an accel- 
erating increase in DMI accumulation over time 
for pollen sterility as an isolating barrier. 

The snowball prediction applies specifical- 
ly to traits determined by epistatic interactions. 
However, many trait differences between spe- 
cies are not expected to be invariably epistatic; 
rather, they often contribute additively to inter- 
specific differentiation (/6). As such, the accumu- 
lation of loci for postzygotic isolation versus 
nonisolation traits can also be used to assess the 
unique nonlinearity expected for postzygotic iso- 
lation. We assessed the pattern of accumulation 


I ] ] I ] 
0.00 0.01 


Ks 
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with linear (Table 1). In com- 
parison, accumulation of seed 
size and fruit shape QTL is 
slower and no greater than 
linear (table $4). 


Table 2. Linear versus nonlinear models for the accumulation of hybrid incompatibility and other 
QTL between Solanum species. SSS, self seed set (seed sterility); PF, pollen fertility (arcsine square-root 
transformed); FSH, fruit shape; SSZ, fertile seed size. Model comparison 1: linear and quad1 (y = ayx + 
a2x*) models were compared using Zar Eq. 21.4 (23). Where P < 0.05, the more complex (quadratic) 
model provides a significantly better fit. Model comparison 2: linear and quad2 (y = ax?) models were 
compared by using AIC (24); the model that minimizes the AIC is considered the better fit [see (25)]. 
For results from least-squares regressions for each model (linear, quad1, and quad2) see table $4. 


Model comparison 1: 


Model comparison 2: 


Trait y = ayx Vs. y = ayX + ax" y = ayx Vs. y = ax" 

F P value AIC (linear) AIC (exp.) 

Isolation QTL 
SSS 345.03 0.0342* 6.2709 5.5647* 
PF 13.99 0.1663 4.8492 11.0081 
Morphological QTL 

FS 2.29 0.3717 4.7431 7.4321 
SSZ 1.94 0.3964 5.2956 7.0262 


*Results indicating better fit for nonlinear model. 


of fruit shape (FSH) and seed size (of fertile seeds; 
SSZ) between the same species pairs. In both 
cases, we found no evidence for an accelerating 
accumulation of QTL contributing to species trait 
differences; for seed size, we also found no evi- 


dence for a linear accumulation over time (/5). 
In comparison with sterility traits, therefore, loci 
for “normal” interspecific quantitative trait dif- 
ferences do not appear to snowball with evo- 
lutionary time (Fig. 1). 
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Although we identified the signal of a snow- 
ball effect, it was significant only for seed ste- 
rility. The failure to detect a snowball for pollen 
sterility could be due to several, nonexclusive 
contributing factors, which we currently cannot 
differentiate (5). For example, DMIs for pollen 
sterility might accumulate noncombinatorically 
{unlike in Orr's (3) original snowball model], 
which could result in a more linear relation be- 
tween the number of DMIs and the time since 
divergence. This could occur, for example, if sub- 
stitutions contributing to pollen sterility DMIs 
over time were not independent of each other, as 
might happen if isolating barriers evolve as the 
result of genetic conflicts (/7). Alternatively, an 
attenuated snowball for pollen sterility could 
be due to bias against QTL detection in the cross 
with the greatest genetic distance, and/or rate 
heterogeneity in the accumulation of sterility loci 
(/5). Finally, if there is a systematic difference in 
the complexity of genetic interactions underly- 
ing male versus female hybrid sterility, we may 
have differing abilities to detect them with our in- 
trogression line approach, which can detect DMIs 
due to pairwise epistatic interactions but not DMIs 
requiring more than one chromosomal segment 
from each species, i.e., multilocus interactions 
(4, 15). Current data, although sparse, suggest 
that DMIs responsible for male sterility might 
frequently be due to complex multilocus interac- 
tions (18-20). In Solanum, hybrid introgression 
lines show progressively more pollen sterility 
depending on whether they carry one, two, or 
three conspecific introgressions from the donor 
species, which suggests that multilocus interac- 


tions are necessary for the expression of some 
hybrid pollen sterility (2/); there is no equiv- 
alent increase in seed sterility with number of 
conspecific introgressions. 

Overall, our results indicate that the accumu- 
lation of sterility loci follows a different trajectory 
from the accumulation of loci for other quan- 
titative species differences (Fig. 1), consistent 
with the unique genetic basis expected to under- 
pin species reproductive isolating barriers. Our 
analysis examines the accumulation of loci con- 
tributing to individually evaluated hybrid ste- 
rility traits (pollen sterility and seed sterility); 
therefore, we explicitly evaluate the accumula- 
tion of genetic loci rather than sterility pheno- 
types, and we do not conflate the accumulation 
of loci underlying genetically and developmen- 
tally distinct isolating barriers [for example, by 
examining the accumulation of both male and 
female sterility as a single “total isolation” phe- 
notype (/2)]. In doing so, we uncover direct em- 
pirical support for the Dobzhansky-Muller model 
of hybrid incompatibility, and the snowball pre- 
diction in particular. 
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The Ecological Significance of Tool 
Use in New Caledonian Crows 


Christian Rutz,?* Lucas A. Bluff,+ Nicola Reed,+ Jolyon Troscianko,? Jason Newton,* 


Richard Inger,” Alex Kacelnik,? Stuart Bearhop” 


Tool use is so rare in the animal kingdom that its evolutionary origins cannot be traced with 
comparative analyses. Valuable insights can be gained from investigating the ecological 

context and adaptive significance of tool use under contemporary conditions, but obtaining robust 
observational data is challenging. We assayed individual-level tool-use dependence in wild 

New Caledonian crows by analyzing stable isotope profiles of the birds’ feathers, blood, and 
putative food sources. Bayesian diet-mixing models revealed that a substantial amount of the 
crows’ protein and lipid intake comes from prey obtained with stick tools—wood-boring beetle 
larvae. Our calculations provide estimates of larva-intake rates and show that just a few larvae can 
satisfy a crow’s daily energy requirements, highlighting the substantial rewards available to 


competent tool users. 


ew Caledonian crows (Corvus monedu- 
Ne (hereafter NC crows) use tools 

for extractive foraging (/, 2). Controlled 
experiments with captive-bred, juvenile NC crows 
have recently shown that basic stick tool use is 
heritable, and hence an evolved adaptation (3). 
Although we can only speculate about the se- 
lective pressures that fostered the evolution of 
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tool use in NC crows, it is possible to investigate 
quantitatively how this behavior is maintained 
under contemporary ecological conditions. 

Very little is currently known about the gen- 
eral foraging ecology of NC crows, or the ec- 
ological context of their tool use, because of the 
difficulty of observing wild, free-ranging subjects 
in their tropical habitats (4, 5). However, long- 


term fieldwork has revealed that NC crows 
exploit two potentially nutritious food sources 
provided by candlenut trees (Aleurites moluc- 
cana; Euphorbiaceae): nuts and wood-boring 
longhorn beetle larvae (Agrianome fairmairei; 
Cerambycidae). In areas where these trees grow, 
NC crows crack their nuts by dropping them onto 
hard surfaces (6), and they use stick tools to 
probe for larvae in decaying, beetle-infested 
trunks (5, 7). The larva-extraction technique of 
NC crows relies on exploiting defensive re- 
sponses of their prey, similar to the well-known 
“termite fishing” of chimpanzees (8). Crows 
insert a twig or leaf stem into a burrow, “teasing” 
the larva by repeatedly poking it with the tool 
until it bites the tip of the tool with its powerful 
mandibles and can be levered out (fig. S1 and 
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movie S1) (5, 7). Using motion-triggered video 
cameras to observe the foraging behavior of wild 
NC crows at natural larva-fishing sites, we have 
previously reported [for sample footage, see 
movie S1; (5)] that (1) tool use indeed plays an 
important role in accessing this hidden food 
source (71% of all observed larva extractions by 
NC crows were immediately preceded by the use 
of a tool in the same hole; in all remaining cases, 
larvae were obtained without tools); (ii) extract- 
ing larvae with tools requires considerable skill 
(nutritionally independent, immature NC crows 
spent considerable time using tools, but were 
much less successful than local adults); and (iii) 
even proficient, adult birds take a substantial 
amount of time to obtain larvae, so this behavior 
is potentially costly. On this evidence, the pro- 
portion of beetle larvae in crow diets provides a 


Fig. 1. Foraging ecology 
of wild New Caledonian 
(NC) crows. (A) Study ra- 
tionale. NC crows consume 
a range of foods, but re- 
quire tools to extract wood- 
boring beetle larvae from 
their burrows. These lar- 
vae, with their unusual 
diet, have a distinct iso- 
topic signature that can be 
traced in the crows’ feathers 
and blood. By comparing 
the stable isotope profiles 
of the crows’ tissues with 
those of their putative 
food sources, the propor- 
tion of larvae in crow diet 


A FOOD 


aes 


normal foraging 


larvae Bs 


extracted with tools 


can be estimated, providing a proxy for individual-level tool-use dependence. (B) Isotope 
signatures (57°C and 57°N) of feathers (corrected for trophic enrichment; gray cross symbols, error 
bars represent uncertainty in trophic enrichment factors; n = 38 feather samples for 9 juveniles, n = 33 
samples for 7 immatures, n = 28 samples for 6 adults) and blood (n = 22 crows; red cross symbols) 
from NC crows, and of samples of the birds’ putative food sources (colored symbols, means with 
bidirectional SD; n = 66 samples for 7 food sources). Beetle larvae, with their unusually low 57°N 
values, are isotopically distinct from all other food sources (for statistics, see main text). Crow 
tissues lie within the area delineated by the 57°C and 5°°N values of the seven putative food 


stable isotope analysis 


larvae in crow diet (%) 
(proxy for tool-use dependence) 


proxy measure of individual tool-use dependence, 
but assessing activity budgets and dietary com- 
position for these shy forest birds has proved very 
difficult (4). Here, we used stable isotope tech- 
niques (81°C and 8'°N) (9) to quantify diet com- 
position in a large sample of subjects, and without 
the need for direct or remote observation of infre- 
quent foraging events (4, 5). This approach, which 
is schematically illustrated in Fig. 1A, enabled us 
to examine the ecological significance of tool use 
in NC crows. 

In our dry forest study site on the central west 
coast of New Caledonia (Gouaro-Déva), we 
sampled food items that NC crows were known 
to consume both here and elsewhere on the island 
(10). The birds’ seven main food sources differed 
highly significantly in their mean isotope sig- 
natures [Fig. 1B; n = 66 samples; general linear 


CONSUMER 


tissue 5'5N 


snails 


models (GLMs): 5'°N values, F6,59 = 100.48, P< 
0.0001; 8'°C values, F559 = 19.96, P < 0.0001; 
for the nutritional composition of food sources, 
see Fig. 2A and table S1]. Wood-boring beetle 
larvae were isotopically distinct from all other 
putative food sources on the 8!°N axis (P < 
0.0005 for all post hoc comparisons), which 
was most likely a reflection of their unusual 
xylophagous foraging habits (cerambycid beetle 
species can hold nitrogen-fixing symbionts in 
their guts, which will tend to generate products 
with lower 8!°N values). 

Bird feathers are metabolically inert after for- 
mation and provide an isotopic snapshot of an 
individual’s diet at the time when the keratinous 
tissue was synthesized (9, //—13). For stable iso- 
tope analyses, we selected several feather types 
grown at different times in the moult cycle, there- 
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carrion 


crow 
blood 
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crow 
feathers 


sources, indicating adequate sampling of the birds’ food base. 


Fig. 2. Nutritional signifi- 
cance of seven different food 
sources for New Caledonian 
crows. (A) Average lipid con- 
tent of food sources, as esti- 
mated through lipid extraction 
from food items (means + 
1 SD; color-coding is the same 
as in Fig. 1B). (B) Relative 
contribution of food sources to 
crow diet (means + 1 SD), in 
terms of either lipid or protein 
intake [for details, see (20)], as 
estimated by Bayesian multiple 
source isotopic mixing models 
based on feather samples, 
and (C) blood samples. Sam- 
ple sizes are the same as in 
Fig. 1B. 
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fore representing dietary intake over periods of 
several weeks to months (/0). To obtain comple- 
mentary estimates at shorter time scales, ranging 
from days to weeks, we also analyzed the isotopic 
composition of blood samples that had been taken 
at the time of trapping (0). With few exceptions, 
isotope ratios of individual NC crow feathers and 
blood samples [corrected for trophic enrichment; 
see (/0)] lay within the area delineated by the 
8'°C and 5'°N values of the seven putative food 
sources and their associated error distributions 
(Fig. 1B), suggesting that no important dietary 
components had been missed (/0). Because beetle 
larvae were isotopically distinct from all other 
relevant food sources, they left a signature in crow 
tissues that we could use for estimating how much 
an individual bird relied on tool-assisted foraging 
(Fig. 1). To estimate diet composition of individ- 
ual NC crows, we used a recently developed Bayes- 
ian multiple source isotopic mixing model (SIAR), 
which overcomes some limitations of earlier pro- 
cedures (10, 14). 

SIAR analyses revealed that beetle larvae 
contribute substantially to the diet of wild NC 
crows, with consistent results for both feather and 
blood samples (Fig. 2, B and C). Although larvae 
accounted roughly for the same amount of die- 
tary protein intake (mean + SD; feathers: 17.23 + 
7.45%; blood: 15.11 + 5.00%) as the other six 
putative food sources (Fig. 2, B and C), they had 
the highest lipid content of all foods examined 
(Fig. 2A; 38.63 + 2.89%) and contributed dis- 
proportionately to the birds’ overall lipid intake 
(feathers: 45.43 + 9.76%; blood: 46.13 + 8.26%). 
The second most important food source, in terms 
of joint protein and lipid contribution, was candle- 
nuts, which crows crack at communal nut-dropping 
sites (see above). 

To examine further the nutritional significance 
of beetle larvae for NC crows, we parameterized 
a simple energy-budget model with our empirical 
data on individual-level diet composition. The 
energy content of beetle larvae in our sample 
ranged from 100 kJ/g for the smallest larvae 
(width length, 1.0 cm by 3.8 cm) to 299 kJ/g for 
the largest specimens (1.6 cm by 7.6 cm). Using 
estimates of the daily energy requirements of NC 
crows (/0), and of the proportion of beetle larvae 
in their diet (SIAR estimates), we could predict 
daily larva-consumption rates (n = 20 crows for 
all estimates; body mass had not been measured 
for two subjects). Values ranged from 8.59 + 1.74 
larvae (feather data, mean + SD; blood: 8.72 + 
1.95 larvae) for a diet consisting entirely of the 
smallest larvae, which is highly unlikely, to 
0.55 + 0.11 (blood: 0.56 + 0.13 larvae) for a diet 
consisting entirely of the largest larvae, with 
1.80 + 0.37 (blood: 1.83 + 0.41 larvae) for a diet 
of mixed-sized larvae. In fact, only 2.98 + 0.28 
larvae of mixed body size would be necessary to 
satisfy the entire daily energy requirements of an 
NC crow, illustrating the considerable energetic 
rewards available to efficient tool users. Sensitivity 
analyses for these calculations, using individual 
parameter perturbation (table S2), indicate robust 
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results for a large parameter space. Our estimates 
for average larva-intake rates seem comparatively 
high, but are ecologically plausible (given the 
high abundance of active larva-fishing sites in our 
study area at the time) and fall within the range of 
extrapolations from our video-surveillance data 
(5, 10, 15). Notably, although our estimates could 
be reduced if we had inadvertently missed a food 
source in our diet survey, we would expect the 
overall nutritional significance of tool use to remain 
qualitatively unchanged, given the exceptionally 
high lipid content of beetle larvae (Fig. 2A) and 
the comparatively even dietary protein contribu- 
tion across all food sources (Fig. 2, B and C). 

Our results suggest that these omnivorous 
birds use at least one component of their so- 
phisticated tool-use behavior—the use of straight 
sticks as probes—to obtain a food source that 
contributes disproportionately to their overall 
dietary intake of protein and lipids [compare 
with (/6)]. Larva-fishing in NC crows shows an 
unusual mode of ontogenetic development: Over 
at least the first 1 to 2 years postfledging, young 
crows spend much time using stick tools with 
little or no extraction success, and hence minimal 
food reinforcement and food intake (3, 5) (but 
young crows may still receive larvae from com- 
petent adults, as illustrated by our stable isotope 
data and direct observations; fig. S2). The present 
findings illustrate how the immediate energetic 
costs of learning complex tool-related skills can be 
offset by substantial future benefits, once crows 
have acquired full tool-use competence. 

Our technique for assessing diet composition 
and tool-use dependence in NC crows circum- 
vents laborious field observations (/6—20) and 
enables data collection at the level of the in- 
dividual subject on a range of temporal scales, 
from a few days to several months. This sets the 
scene for efficient, quantitative mapping of tool 
use within and among NC crow populations (that 
have access to candlenut trees), for example, to 
assess seasonal or regional variation in tool-use 
dependence (/6). Larger sample sizes will also 
enable more detailed investigations of the po- 
tential fitness benefits of NC crow tool use. For 
example, analyses of our feather data have al- 
ready indicated that NC crow parents may pref- 
erentially feed their offspring with tool-derived 
beetle larvae [n = 22 crows; age-dependent varia- 
tion in raw &'°N values, general linear mixed 
model: Fy 190 = 4.38, P = 0.027; percentage 
larva contribution to diet, GLMs on arcsine- 
square-root transformed data: protein, F219 = 
6.76, P= 0.006; lipid, F> 19 = 6.13, P= 0.009; for 
details, see (10, 2/)]. With the accumulation of 
bigger longitudinal data sets, it may be feasible 
to investigate whether particularly proficient 
tool users, with their privileged access to larvae, 
produce offspring of superior body condition, 
and whether a larva-rich diet has lasting effects 
on future survival and reproduction. 

At least in our study site, NC crows suc- 
cessfully exploit two foods provided by candlenut 
trees—beetle larvae and nuts. Candlenut trees are 
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thought to have originated in Malesia and were 
spread by humans throughout the Pacific in 
recent prehistory (22). In light of our findings, it 
seems possible that the anthropogenic introduc- 
tion of this tree species to New Caledonia created 
foraging opportunities (1.e., lipid-rich, but hidden, 
larvae) that, presumably in combination with 
other factors, led to the rapid evolution of tool use 
in NC crows. 
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Structural Basis for Activation of 
Class lb Ribonucleotide Reductase 


Amie K. Boal,” Joseph A. Cotruvo Jr.,2 JoAnne Stubbe,~?* Amy C. Rosenzweig?* 


The class Ib ribonucleotide reductase of Escherichia coli can initiate reduction of nucleotides to 
deoxynucleotides with either a Mn'",-tyrosyl radical (Ye) or a Fel"';-Ye cofactor in the NrdF subunit. 
Whereas Fe'",-Ye can self-assemble from Fel'>-NrdF and Oz, activation of Mn''>-NrdF requires a reduced 
flavoprotein, Nrdl, proposed to form the oxidant for cofactor assembly by reduction of O2. The crystal 
structures reported here of E. coli Mn''z-NrdF and Fe''-NrdF reveal different coordination environments, 
suggesting distinct initial binding sites for the oxidants during cofactor activation. In the structures 

of Mn"'5-NrdF in complex with reduced and oxidized Nrdl, a continuous channel connects the Nrdl flavin 
cofactor to the NrdF Mn'', active site. Crystallographic detection of a putative peroxide in this channel 
supports the proposed mechanism of Mn'",-Ye cofactor assembly. 


ibonucleotide reductases (RNRs) cata- 
Re the reduction of nucleotides to de- 

oxynucleotides in all organisms, providing 
the precursors required for DNA synthesis and 
repair (/). Class I RNRs are composed of two 
homodimeric subunits: «2, which contains the 
site of nucleotide reduction, and B2, which con- 
tains a metallocofactor required to initiate catalysis 
in 0.2. Two class I RNRs are found in Escherichia 
coli. The class Ia enzyme supplies deoxynucleo- 
tides during normal aerobic growth. In many 
prokaryotes, including several important human 
pathogens, the class Ib RNR plays a similar role. 
The function of the class Ib RNR in E. coli is not 
clear, but it is expressed under iron-limited and ox- 
idative stress conditions (2-4). The class Ia RNRs 
require a stable diferric-tyrosyl radical (Fe";-Y*) 
cofactor generated from diferrous (Fe",) 82 in the 
presence of O» and a reductant. This process 
occurs in vitro by self-assembly (5) and in vivo by 
a biosynthetic pathway (6). By contrast, the iden- 
tity of the metallocofactor in 82 of the class Ib 
RNRs (NrdF) has been controversial (7—/0). Re- 
cent studies, however, have shown in vitro that 
both Fel”,-Y« and dimanganese(II)-Y* (Mn"™,-Y*) 
cofactors are active in nucleotide reduction (7). 
Whereas the Fel”,-Y* cofactor in NrdF can be 
formed by self-assembly from Fe" and O> (8, 9, 11), 
the Mn'"-Y* cofactor can be generated from 
Mn",-NrdF only in the presence of O, and the 
flavodoxin-like protein NrdI (7). 
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We have recently shown that E. coli Mn",-NrdF 
can form a complex with NrdI in vitro and in vivo 
and have proposed that reduced NrdI (NrdIj,q) in 
this complex generates hydroperoxyl anion (HO; ), 
which channels to the metal site in NrdF (7). Two 
equivalents of HO. would be required to gen- 
erate the Mn'"-Y* cofactor. In vitro support for 
this proposal is based on the observations that 
NrdI, in contrast to most flavodoxins, behaves as 
a two-electron reductant (//) and that neither 
H20; nor O,"” activates cofactor assembly (7, 8). 
Support in vivo is provided by the conservation 
of NrdI in all organisms containing a class Ib 
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RNR and by genetic studies showing that NrdI is 
essential for Streptococcus pyogenes class Ib RNR 
activity (12). Sequence alignments suggest that 
the E. coli system is representative of most class 
Tb RNRs, including those from Corynebacterium 
ammoniagenes and the human pathogens Myco- 
bacterium tuberculosis and S. pyogenes. 

The formation of two different active cofac- 
tors, Fel,-Ye and Mn",-Y*, in NrdF in vitro 
using the same protein ligands (two His, three 
Glu, and one Asp) to coordinate the metals (/3), 
but different oxidants, raises the question of how 
this process is controlled in vivo. These same 
metal ligands are involved in Fe ligation in the 
class Ia RNR (/4), which cannot form an active 
Mn"",-Y« cofactor. Here we present the crystal 
structures of E. coli NrdF in the Mn", and Fe", 
forms, providing structural insight into how NrdF 
generates Y from two different metallocofactors 
using two different oxidants. We also present struc- 
tures of NrdF in complex with NrdI,, and oxi- 
dized NrdI (NrdI,,.). Reaction of the NrdI,,-NrdF 
complex in the crystal with 100 mM dithionite 
and O, results in trapping of a small molecule 
best modeled as a peroxide in a channel linking 
the NrdI flavin to the NrdF metal site, supporting 
the proposed model of Mn'"-Y* cofactor acti- 
vation by oxidant channeling. 

The 1.65 A resolution (table S1) crystal struc- 
ture (15) of Mn",-NrdF contains one monomer 
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Fig. 1. Structures of Mn''>-NrdF and Fe'',-NrdF. (A) Stereoview of the Mn'',-NrdF active site. Mn'' ions are 
shown as purple spheres, water molecules are shown as red spheres, and NrdF side chains are represented 
in stick format and colored by atom type. (B) Stereoview of the Fe''>-NrdF active site. Fe" ions, modeled at 
0.5 occupancy, are shown as orange spheres. Metal-ligand interactions are highlighted with dashed lines. 
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per asymmetric unit with the other half of the 
dimer related by crystallographic symmetry. The 
overall fold closely resembles that of other class I 
B2 subunits (/6) (fig. S1). Anomalous diffraction 
data are consistent with the presence of two fully 
occupied Mn" sites (Fig. 1A and fig. $2) with a 
Mn-Mn distance of 3.7 A. Mn1 is coordinated by 
His !?!, Asp”, and a terminal water molecule, and 
Mn2 is coordinated by His'®® and a terminal wa- 
ter molecule. Three glutamate residues (Glu’’, 
Glu'*, and Glu'®’) bridge the two metals in a 
manner previously not observed in RNRs and 
related carboxylate-bridged diiron enzymes (Fig. 
1A and fig. $2) (17). Thus, each Mn" is six- 
coordinate so ligand dissociation or reorganiza- 
tion, possibly via loss of the solvent molecule 
coordinated to Mn2 (17, 18), is necessary for re- 
action of the cluster with the oxidant. The non- 
coordinating side-chain oxygen atom of Asp” is 
hydrogen bonded to the hydroxyl group of Tyr'™, 
the site of the stable Ye. A similar interaction is 
observed in the E. coli class la Fe"'> 62 structures 
(16). In the class Ib Fe", 82 structures, however, 
the interaction between Asp®’ and Tyr!°° is me- 
diated by a water molecule. As a result, the Mn1-Tyr 
OH distance is 5.8 A as compared to the Fel-Tyr 
OH distances of Salmonella typhimurium NrdF 
(6.4 to 7.0 A) (18), C. ammoniagenes NrdF (6.2 to 
6.7 A) (13), and E. coli Fe"')-NrdF (6.7 A), which 
was determined to 1.9 A resolution by soaking apo 
crystals of NrdF with Fe" (table S1, Fig. 1B, and 
fig. S2) (19). The shorter Mn1-Tyr OH distance 
may be associated with the unusual electron para- 
magnetic resonance spectrum of the Mn-associated 
Y° relative to the Fe-associated Ye in NrdF (7). 


The two Mn" ions are bridged by Glu”® in a 
u-1,3 fashion and by Glu!” in a p-(y)7) ar- 
rangement (Fig. 1A and fig. S2). The position of 
Glu’? is similar to that observed for the equiv- 
alent ligand in the E. coli class Ia B2 structure 
obtained by soaking Fe" into apo crystals (/4). 
The most notable difference between Mn",-NrdF 
and other 82 structures is the orientation of Glu'**, 
which bridges the two Mn!" ions ina u-1,3 mode, 
rather than coordinating Fe2 or Mn2 in a mono- 
dentate or bidentate fashion (Fig. 1 and fig. S2). 
Glu'* is in a short m-helical segment analogous 
to a conformationally flexible region observed in 
other B2s and diiron enzymes and hypothesized 
to dictate access to the active site (18, 20, 21). 
The space occupied by the Glu’*® side chain in 
Fe"',-NrdF is occupied by two solvent molecules 
in Mn",-NrdF: the coordinated water at Mn2 and 
a second water that links the coordinated water to 
the side chain of conserved residue Ser’** (Figs. 
1 and 2). Ser!*4 is involved in a conserved hydro- 
gen bonding network that connects Glu'** to a 
solvent channel from the protein surface (Fig. 2). 
The channel opening is located near conserved 
residue Lys*®°. This channel is better suited to 
allow access to the metal site by a peroxide ox- 
idant than the channel present in class Ia B2 
structures, which is more hydrophobic, smaller, 
and less solvent exposed, and therefore more ap- 
propriate for Oz passage (fig. S3). The ordered 
solvent and hydrogen bonding interactions may 
help constrain the unusual orientation of Glu!** 
in Mn",-NrdF. Moreover, the location of the two 
interacting solvent molecules at Mn2 could easily 
accommodate the proposed HO, oxidant (22) 


Fig. 2. The Mn'',-NrdF solvent- 
exposed active-site channel termi- 
nating at Mn2. A 2F, — F, electron 
density map (red mesh, contoured 
at 2c) shows ordered waters in the 
channel. The Mn anomalous dif- 
ference Fourier map (purple mesh, 
contoured at 12c) is also shown. 
Residues implicated in channel ac- 
cess are shown as white sticks, and 
a conserved hydrogen bonding net- 
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work (illustrated with dashed lines 
in inset) linking ordered solvent in ; 
the channel to Mn2 ligand Glu?*? is | 
shown as yellow sticks. Ser?“ is | 
modeled in two separate rotamer ~ 
conformations in Mn''>-NrdF, but in 
all Nrdl-NrdF complex structures, it 
adopts the rotamer that points into 
the solvent channel. 
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(Fig. 2, inset). These waters may dissociate, al- 
lowing the oxidant to initially bind terminally to 
Mn2 in this position, by analogy to the proposal 
for H,O, binding to the structurally related Mn cat- 
alases (23). By contrast, in both class Ia (fig. S3) 
and Ib Fe", structures, including Fell,-NrdF 
(Fig. 1B), Glu'** and Phe! create a hydrophobic 
pocket above the Fe2 site opposite His'” (E. coli 
NrdF numbering), an ideal destination for O02 be- 
fore it reacts with the Fe", site. This solvent chan- 
nel likely represents the oxidant route to the metal 
cluster, and the environment near the active site 
may reflect different geometric or electrostatic 
requirements for correctly orienting O, and the 
putative HO, for reaction with their respective 
metal centers. 

The complex between NrdI,, and Mn"5-NrdF 
(NrdI,,-NrdF) was crystallized and its structure 
determined to 2.5 A resolution (table S2). Two 
NrdI and two NrdF molecules are present in the 
asymmetric unit (Fig. 3A and fig. S4). One NrdI 
protein is bound to each NrdF opposite the dimer 
interface and directly over the solvent-exposed 
channel to the active site. The location of the C- 
terminal NrdF residue in this complex (fig. S4) 
suggests that the NrdI and a2 binding sites (24) 
are distinct. The NrdI-NrdF interface, which buries 
~800 A? surface area per chain, is largely hydro- 
phobic, with several interprotein hydrogen bonds 
(fig. S5). The overall fold of NrdF is the same as 
in the Mn",-NrdF structure, and the active site is 
nearly identical, including the unusual coordina- 
tion mode of Glu'** (fig. S6). NrdI adopts a typical 
flavodoxin-like fold (25), with the isoalloxazine 
ring of the flavin mononucleotide (FMN) cofactor 
near the protein surface and enclosed by two loop 
regions (Fig. 3B). One of these loops provides the 
closest positive charge on NrdI to the reactive 
C4a position of the flavin (Arg”’), whereas the 
other, the glycine-rich “50s loop,” interacts with 
the N5 position and displays pronounced redox- 
dependent conformational changes (see below). 
The 50s loop comprises residues 50 to 56 (Gly,- 
Thr-Ala-Gly), and as predicted (//), the amide 
nitrogen atom of Gly”’ is within hydrogen bond- 
ing distance of the flavin N5 atom, similar to what 
is observed in oxidized long-chain flavodoxins 
(26). The electron density for the NrdI 50s loop is 
not completely continuous, suggesting conforma- 
tional flexibility. 

The structure of the NrdI,,-NrdF complex 
reveals how NrdF contributes to the electrostatic 
environment of the FMN binding pocket. Typical 
flavodoxins carry out single electron transfers part- 
ly through destabilization of the reduced FMN, 
bound in the anionic form (FMNH , protonated 
at NS and deprotonated at N1), by acidic residues 
proximal to the isoalloxazine ring (27). The FMN 
environment in NrdI is more positively charged 
(Arg” and Arg!®’), and in complex with NrdF, 
three additional charged residues from NrdF (Lys'®, 
Arg”, and Arg!®°) are located within 12 A of the 
FMN C4a position. The presence of positive 
charges near the O>-reactive C4a position is a con- 
served feature of flavoprotein oxidases, which 
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reduce O, to HO; as part of their catalytic cycle 
(28), suggesting that electrostatics may play a 
similar role in NrdI to favor two-electron reduc- 
tion of O, to a peroxide oxidant. 

Complex formation between NrdI and NrdF 
results ina 10 A extension of the NrdF active-site 
channel along the NrdI-NrdF interface toward the 
flavin ring (Fig. 4A). Solvent access to the chan- 
nel is prevented by NrdI Phe*® and other hydro- 
phobic and bulky residues near the flavin. Like 
the portion of the channel within NrdF, the inter- 
facial region is lined with polar uncharged res- 
idues and backbone atoms. The side chains of 
NrdI residues Asn*? (completely conserved) and 
Asn*® (largely conserved) point into the channel. 
The position of the highly conserved Lys*® in 
NrdF enforces a sharp turn in the channel, lead- 
ing directly to the Mn’ site. Lys” is involved in 
a hydrogen bond network with the strictly con- 
served residues Tyr”*° and NrdI Glu''® (figs. S5 
and S7). The NrdF portion of the channel is lined 
by the side chains of Ser’*?, Tyr'?’, and Asn? 
(figs. S7 and S8). Approximately 7 A from the 
Mn? site, the channel constricts to 4.1 A (Figs. 2 
and 4). This constriction is formed by the car- 
bonyl oxygen of bridging ligand Glu!” and the 
side chain of Ser'*’, which follows in sequence 
space the unusual bridging ligand Glu'>*. Thus, 
the interactions that define this narrow point of 
the channel are intimately connected to the Mn" 
coordination sphere. 

As a first step toward investigating the Nrdl- 
mediated activation of the NrdF metallocofactor 
on the molecular level, we determined two struc- 
tures of reduced NrdI in complex with NrdF 
(table S2). For the first structure (NrdIj,g-NrdF, 
2.0 A resolution), crystals were grown in the pres- 
ence of 3 mM dithionite in an anaerobic chamber. 
These crystals were colorless, indicating that the 
flavin was reduced. For the second structure, 
which reveals a trapped species best modeled as 
peroxide (NrdIj,q-NrdFperox, 2.35 A resolution), 
NrdJI,,-NrdF crystals were soaked in 100 mM 
dithionite outside the anaerobic chamber until the 
bright yellow color bleached (~2 min). Both 
structures reveal conformational changes near 
the FMNH cofactor suggesting reduction of the 
flavin (Fig. 3C and fig. S9). The most pronounced 
change involves the NrdI 50s loop, which adopts a 
more open conformation exposing the isoal- 
loxazine ring to solvent (Fig. 3C). Protonation of 
the flavin N5 concomitant with reduction breaks 
the N5 hydrogen bond with the amide nitrogen of 
Gly*', and the carbonyl oxygen of Gly™’ is posi- 
tioned to accept a hydrogen bond from the FMNH 
NSH. In addition, NrdF Arg” is oriented closer to 
C4a (6 A) compared with the NrdI,,-NrdF com- 
plex, and in one NrdF monomer, it is hydrogen 
bonded to the backbone carbonyl of NrdI Gly*’, 
perhaps locking in place the orientation of the 50s 
loop. The proximity of a positively charged resi- 
due to the reduced FMN may be important in its 
reaction with O, and is consistent with the unusual 
redox properties of NrdI (29). As in the NrdI,,-NrdF 
structure (Fig. 4A), there is no clear solvent access 


Nrdl,,/Mn!!,-NrdF 


Nrdl,,,/Mn'',-NrdF » 


Fig. 3. Structures of Nrdl-NrdF protein-protein complexes. (A) A ribbon diagram of the Nrdl,,-NrdF 
structure. Nrdl is shown in green and Mn'',-NrdF is shown in white. The Nrdl FMN cofactor is shown as 
yellow sticks. (B) The NrdI FMN environment in the Nrdl,,-NrdF structure (NrdI shown in green). (C) The 
Nrdl FMN environment in the Nrdl,q-NrdF structure (Nrdl shown in purple). Hydrogen bonding inter- 
actions with the FMN N5 position are shown as dashed lines. The electron density for the 50s loop is not 


completely continuous between the asterisks. 


route to the channel. The Nrdl},,-NrdF structure 
reveals little conformational change within the 
complex when compared with NrdI,,-NrdF. How- 
ever, a highly ordered water network is evident 
within the channel (fig. S8) that extends along the 
NrdI-NrdF interface to the NrdI FMN cofactor. 
Surprisingly, strong (~7o) unexplained electron 
density (Fig. 4B) was observed in both active-site 
channels of the structure obtained from aerobi- 
cally dithionite-soaked crystals (NrdIyg-NrdF yerox)- 
This density is oblong in shape (Fig. 4C), and a 
number of small molecules have been modeled in 
an effort to determine its identity (fig. S10). Model- 
ing as a single water molecule results in strong 
difference electron density (4.50), consistent with a 
diatomic species. Modeling as dioxygen yields 
difference density at the edges, suggesting that the 
O-O bond distance is longer than 1.2 A. Less dif- 
ference density was evident with superoxide (O-O 
bond distance 1.34 A), with the best fit being a 


fully occupied peroxide species with an O-O bond 
distance of 1.47 A. Given that the crystals were 
exposed to 100 mM dithionite, we also considered 
the possibility that bisulfite, a dithionite breakdown 
product, could account for the density. Modeling 
with bisulfite (fig. S1OE) yields F, — F, difference 
density and high B factors, however. Therefore, 
we modeled the electron density as a peroxide. 
Peroxide could have been produced by reaction 
of Oz with NrdI},, or with the dithionite used to 
reduce Nrdl,, (30, 37). 

The putative peroxide species is lodged at the 
bend in the active-site channel ~10 A from the 
FMN isoalloxazine ring and ~10 A from the Mn2 
site (Fig. 4B). It is within hydrogen bonding dis- 
tance of residues from both NrdF and NrdlI, as 
well as solvent molecules in the channel (Fig. 4, 
C and D). The side chain of the single charged 
residue in the channel, NrdF Lys? is 3.9 A from 
the distal peroxide oxygen atom, consistent with 
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Fig. 4. The Nrdl-NrdF channel. (A) Nrdl-NrdF complex formation extends the NrdF active-site channel to the 
FMN cofactor. The complex channel is depicted as a light blue mesh and was calculated using a 1.4 A probe 
radius. Selected Nrdl (green) and NrdF (white) residues lining the channel are shown as sticks. (B) Observation 
of a trapped species, best modeled as peroxide, in the Nrdl-NrdF channel in a crystal reduced by dithionite in 
the presence of oxygen (Nrdlhq-NrdFperox). Strong Fy — F, electron density (green mesh, contoured at 3.30) is 
present in the channel after the first refinement cycle. The FMN cofactor (yellow), Nrdl side chains lining the 
channel (purple), NrdF residues in the channel and at the active site (white), and the peroxide (red) are all 
shown as sticks. (C) A magnified view of the modeled peroxide shown in Fig. 3B and hydrogen bonding 
interactions with residues and solvent in the channel. The final 2F, — F, electron density (blue mesh, 
contoured at 1.80) is superimposed on the initial F, — F, electron density map from Fig. 3A. Water molecules 
are shown as red spheres. Dashed black lines indicate potential hydrogen bonding interactions. The gray 
dashed line represents the distance between the modeled peroxide and the nearest charged residue, 
conserved NrdF residue Lys”6°. The Glu?®? backbone carbonyl group and the side chain of Ser”? constitute 
the narrowest point of the active-site channel. The oxygen atom distal to the Mn site interacts strongly with 
the side chains of Nrdl residues Asn®° (2.8 A) and conserved Asn®? (2.8 A). (D) The extended hydrogen 
bonding network near the putative peroxide binding site. The side-chain orientations of Asn®? and Asn*°” can 
be assigned unequivocally based on their interactions with Lys*°° 
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and the backbone amide nitrogen of Asn®°, 
and the carbonyl oxygen of Phe”*?, respectively. The interactions of w2 with Asn*°’ (2.8 A) and the backbone 
carbonyl of Ser’? (2.7 A) constrain w2 to act as a hydrogen bond acceptor for the proximal oxygen atom of 
the modeled peroxide (2.9 A), suggesting that this oxygen is protonated. The distal oxygen accepts two 
hydrogen bonds from Asn® and Asn®°. Because no other potential hydrogen bond donor or acceptor exists 
for this oxygen atom, its protonation state cannot be determined from this analysis. 


a role in electrostatic attraction, but not close — of the trapped species supports the relevance of 


enough for protonation. It is also protected from 
protonation by Tyr'® by an intervening solvent 
molecule. The modeled peroxide is involved in an 
extensive hydrogen bonding network in which the 
proton donors and acceptors can be inferred (Fig. 
4D and figs. S11 and S12). The structure suggests 
that the proximal oxygen atom is protonated, con- 
sistent with either HyO or HO, (32). The presence 
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the channel for oxidant transport. 

The structures of NrdI,,-NrdF and NrdIyg-NrdF 
show that complexation results in continuation of 
the NrdF channel to the NrdI FMN cofactor, de- 
lineating an obvious path from the NrdI site of 
oxidant formation to Mn2. The NrdIyg-NrdF perox 
structure offers a crystallographic snapshot of a 
putative peroxide species within the channel. The 
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lack of conformational changes at the Mn") site 
in all three NrdI-NrdF complexes, when compared 
to Mn'",-NrdF, suggests that the requirement for 
NrdI for Mn",-NrdF activation, if structural, is 
subtle. The structures strongly support the pro- 
posed mechanism of Mn",-NrdF activation by 
NrdIyg and O, and afford new insight into how 
reactive small molecules are channeled within 
complex enzyme systems. 

Note added in proof: In support of the in 
vivo relevance of our work, Auling, Lubitz, and 
co-workers have recently reported isolation of 
C. ammoniagenes NrdF from the native organism 
containing a Mn"",-Ye cofactor, characterization 
of the cofactor in detail by EPR spectroscopy, and 
structural determination of the protein to 1.36 A 
resolution (33). Although the crystallized protein 
contained a Mn", cluster, the oxidation state of 
the observed Mn ions remains an open question 
because of possible photoreduction during data 
collection. 
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between HO, and H20>. 
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Bifurcation of Toll-Like Receptor 9 
Signaling by Adaptor Protein 3 


Miwa Sasai, Melissa M. Linehan, Akiko Iwasaki* 


Endosomal Toll-like receptors (TLRs) 7 and 9 recognize viral pathogens and induce signals leading to 
the activation of nuclear factor «B (NF-«B)—dependent proinflammatory cytokines and interferon 
regulatory factor 7 (IRF7)—dependent type | interferons (IFNs). Recognition of viral nucleic acids by 
TLR9 requires its cleavage in the endolysosomal compartment. Here, we show that TLR9 signals leading to 
the activation of type | IFN, but not proinflammatory cytokine genes, require TLR9 trafficking from 
endosomes to a specialized lysosome-related organelle. Furthermore, we identify adapter protein-3 

as the protein complex responsible for the trafficking of TLR9 to this subcellular compartment. 

Our results reveal an intracellular mechanism for bifurcation of TLR9 signals by selective receptor 


trafficking within the endosomal system. 


ndosomal Toll-like receptors (TLRs) 7 
and 9 are used by plasmacytoid dendritic 
cells (pDCs) for recognition of viral nu- 
cleic acids (/). These endosomal TLRs require 
trafficking by the endoplasmic reticulum (ER) 
membrane protein UNC93B (2, 3). UNC93B 
physically interacts with TLR3, TLR7, and TLR9 
via the transmembrane domain (2) and transports 
these TLRs from the ER to the endosome. In 
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order for TLR9 to signal, the ectodomain of 
TLR9 must be first cleaved in the endolysosomes 
by cathepsins (4, 5). Although both TLR7 and 
TLR9 signal through the adapter protein MyD88 
(myeloid differentiation primary response gene 
88), two bifurcating pathways emanate from 
these TLRs. The first pathway leads to the tran- 
scriptional activation of proinflammatory cyto- 
kines and requires nuclear factor kB (NF-«B) (6). 
The second pathway leads to the activation of 
type I interferon (IFN) genes through phospho- 
rylation of interferon regulatory factor 7 (IRF7) 
(7). Although both pathways depend on MyD88 
(8) and UNC93B (3), the latter pathway also 


requires additional molecules (9—/5). Retention 
of multimeric A-type CpG DNA (CpG-A) in early 
endosome is associated with IFN production in 
pDCs, whereas rapid translocation of monomeric 
B-type CpG DNA (CpG-B) to the lysosome is 
associated with NF-«B activation (/6, /7). These 
studies suggested that the intracellular location 
of TLR9 activation could dictate the nature of its 
downstream signaling. The mechanism by which 
these two types of signals are mediated through 
these TLRs, however, remains poorly defined. 
To gain an insight into the cell biological 
basis of TLR9 signaling, we examined adaptor 
proteins (APs) that could mediate trafficking of 
TLR9 (/8). APs select cargo for inclusion into 
coated vesicles in the late secretory and endocytic 
pathways. Of the four adaptors identified for 
coated vesicles (AP-1, AP-2, AP-3, and AP-4), 
the AP-3 complex (consisting of four subunits: 5, 
B3A, u3A, and o3) is found on the endosomal 
membranes and has been shown to recruit its car- 
go in the endosomes and deliver them to lysosome- 
related organelles (LROs) (9). LROs share features 
of late endosome/lysosomes but are functionally, 
morphologically, and compositionally distinct. 
To better understand the nature of the endosome 
from which TLR7 and TLR9 signal, cultured 
bone marrow (BM) pDCs from wild-type (WT) 
or AP-3-deficient (4p3bI “ ) mice were incubated 
with CpG-A (TLR9 agonist), vesicular stomatitis 
virus (VSV), or influenza virus (TLR7 agonists). 
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AP-3-deficient pDCs failed to secrete IFN-o 
(Fig. 1A) despite normal to moderately enhanced 
production of interleukin (IL)—12p40, which is 
an NF-«B-—dependent cytokine (Fig. 1B). Simi- 
lar observations were made in pDCs from mice 
that have mutations in AP-3B1 (pearl mice) or 
AP-36 (mocha mice), which render the AP-3 
complex defective (fig. S1, A and B). This was 
not due to selective block in IFN protein secre- 
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tion but was due to the failure of AP-3—deficient 
pDCs to activate transcription of IFN genes (fig. 
S1C). To examine whether this phenotype was 
restricted to pDCs, we took advantage of the fact 
that liposome-mediated delivery of CpG-A to con- 
ventional DCs and macrophages enables produc- 
tion of type I IFNs through IRF7 activation by 
TLR9 (77). Upon stimulation with CpG-A coupled 
to DOTAP (a liposomal transfection reagent) 


Cc 


IL-12p40 (ng / ml) 


10 (hrs) 


Fig. 1. Type-l IFN production is impaired in 
AP-3—deficient pDCs after endosomal TLR stim- 
ulation. Flt3L-cultured BM pDCs from WT and 
Ap3b1~- mice were stimulated with (top) 
CpG-A DNA (3 uM), (middle) VSV (MOI 10), or 
(bottom) influenza A virus infection (MOI 5) 
for 24 hours. Amounts of (A) IFN-o and (B) IL- 
12p40 were measured by means of enzyme- 
linked immunosorbent assay (ELISA). WT and 
Ap3b1~*- mice were injected intravenously 


with CpG-A DNA (25 yg), and at the indicated time points serum concentrations of (C) IFN-o. and (D) IL- 
12p40 were measured with ELISA. *P < 0.05. **P < 0.01. Results are mean + SEM (n = 4 mice) and are 
representative of [(A) and (B)] four and [(C) and (D)] three independent experiments. 
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for TLR9-GFP (green) and LAMP-2 (white/blue). The data are representative of three independent experiments. Scale bars, 5 um. 
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(Roche Diagnostics, Indianapolis, IN) or with 
TLR7 agonists poly uridine (poly U) or R848, 
Ap3b1 ’ BM DCs were also found to have 
impaired IFN production while maintaining the 
production of IL-12p40 (fig. S2, A to C). Both 
cytokine and IFN responses after DOTAP—CpG- 
A stimulation were largely dependent on TLR9, 
albeit low levels were detected at higher CpG-A 
doses (fig. S2D), as reported previously (/7). To 
determine whether the requirement for AP-3 also 
applies to other TLRs known to engage type I 
IFN stimulation from the endosome (20, 2/), we 
stimulated aM macrophages (BMMs) from WT 
or Ap3bI-’ mice with lipopolysaccharide (LPS) 
(a TLR4 agonist) or polyinosinic:polycytidylic 
acid (poly IC) (a TLR3 agonist). IFN-B expres- 
sion was partially impaired in the absence of AP-3 
(fig. S2, E and F), suggesting the involvement of 
this adaptor complex in signaling from other 
endosomal TLRs. Next, we examined the in vivo 
relevance of AP-3 deficiency in TLR9 and TLR7 
signaling. AP-3—deficient mice did not have any 
obvious defects in pDCs or other DC subset 
development (fig. S3). Mice were injected sys- 
temically with CpG-A, which is known to trigger 
pDCs in the spleen to secrete high amounts of 
type I IFNs (22). Serum concentrations of IFN-a 
were undetectable in 4p3bI “ mice, whereas 
they peaked around 5 hours after injection in 
WT mice (Fig. 1C). In contrast, high amounts of 
IL-12p40 were detected in both groups, with 
slightly elevated amounts found in the Ap3bI ” 
group (Fig. 1D). These data demonstrated that 
the AP-3 complex is required for signaling 
through TLR7 and TLR9 to induce activation 
of IFN but not proinflammatory cytokine genes. 
Next, we examined whether the defective sig- 
naling of TLR9 in Ap3bI-“ cells could be ex- 
plained by transcriptional regulation of signaling 
molecules downstream of TLR9. Quantitative re- 
verse transcription polymerase chain reaction (RT- 
PCR) comparison of mRNA encoding MyD88, 
TRAF6, TRAF3, IRAK4, IRAK1, and IKK-o re- 


Fig. 2. TLR9 fails to enter 
the acidic LRO compart- 
ment in AP-3—deficient 
WAN cells after CpG-A stimula- 
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(green) and VAMP-3 (an 
early endosomal marker) (red) at (A) 3 hours or 
(B) 6 hours by means of confocal microscopy. (C 
and D) TLR9-GFP—transduced BMM were stimulated 
with DOTAP—CpG-A for 6 hours and analyzed by 
means of confocal microscopy to detect (C) TLR9-GFP 
(green) and LAMP-2 (late endosomal marker) (red). 
The histograms depict cross-line scans of the flu- 
orescence intensities of the merged panel. (D) To 
visualize the acidic compartment, the cells were in- 
cubated with LysoTracker (red) followed by staining 
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vealed no differences in either steady state or CpG- 
induced levels of these molecules (fig. S4, A and 
B). CpG-A—mediated transcriptional activation of 
IFN-responsive genes, however, was highly depen- 
dent on the presence of AP-3 in pDCs (fig. S4C). 

These results led us to focus on the cell bio- 
logical basis for the requirement of AP-3 in TLR 
signaling. We hypothesized that TLR9 signals 
from two distinct endosomal compartments, one 
that engages NF-kB (NF-«B endosome) and the 
other that engages IRF7 (IRF7 endosome). Where- 
as both of these compartments must be suffi- 
ciently proteolytic to allow TLR9 cleavage to 
occur (4, 5), AP-3 is only required for the func- 
tion of the IRF7 endosome. To test this hypoth- 
esis, we tracked TLR9 by transducing primary 
BMM with a TLR9-green fluorescent protein 
(GFP) fusion protein in which GFP was fused to 
the C terminus of TLR9. TLR9-GFP retained 
signaling activity (fig. S5). Under steady-state 
conditions, TLR9 was found in intracellular com- 
partments, including the ER in both WT and AP-3— 
deficient cells (fig. S6), as shown previously 
(23-25). TLR9 entered VAMP3* endosomes af- 
ter 3 hours of DOTAP-CpG-A stimulation in 
both WT and Ap3bl “cells (Fig. 2A). VAMP3 
marked early endosomes, which are distinct from 
the major histocompatibility complex (MHC) class 
II late endosomes and lysosomes (26) (fig. S7). 
In contrast to WT cells, however, TLR9 failed to 
migrate into the LAMP2* endolysosomal com- 
partment at 6 hours after DOTAP—CpG-A 
stimulation in 4p3b1’~ cells (Fig. 2, B and C). 
Trafficking of DOTAP-conjugated CpG-A and 
CpG-B was not impaired in the absence of AP-3 
(fig. S8). These data indicated that AP-3 is re- 
quired for trafficking of TLR9 to the LAMP2", 
but not VAMP3", compartment. A previous study 
showed that a small portion of transmembrane 
proteins including LAMP2 are mislocalized to 
the plasma membrane in AP-3—deficient cells 
(27). Therefore, to exclude the possibility that the 
lack of TLR9 and LAMP2 colocalization in 
Ap3bI ‘ cells (Fig. 2C) is due to mislocalization 
of LAMP2 and not to defective TLR9 trafficking 
we labeled the late endolysosomal compartment 
using LysoTracker (Invitrogen, Carlsbad, Califor- 
nia), which labels acidic compartments. TLR9 
localized to LAMP2" LysoTracker’ vesicles in 
WT macrophages after DOTAP—CpG-A stimu- 
lation. In contrast, even though LAMP? localized 
within the acidic compartment TLR9 did not 
localize in LAMP2* LysoTracker’ compartment 
in Ap3b1 “ cells (Fig. 2D). Collectively, these 
data indicated that the majority of LAMP? still 
localized to intracellular acidified vesicles in 
Ap3bI ‘cells and that TLR9 trafficking to these 
vesicles requires AP-3. 

The ER transmembrane protein UNC93B as- 
sociates with TLR3, TLR7, and TLR9 in the ER 
and facilitates their transport to the endolysosome 
(2, 3). We next examined whether the defect in 
TLR9 trafficking in Ap3b/ “ cells was due to mis- 
localization of UNC93B. Primary BMM from WT 
and Ap3bI-’ mice were cotransduced with retro- 


viruses encoding TLR9-GFP and UNC93B-HA. 
Six hours after DOTAP-CpG-A stimulation, the 
localization of TLR9 (fig. S9, green), UNC93B 
(fig. S9, white), and LAMP2 (fig. S9, red) was 
assessed with confocal microscopy. Whereas 
UNC93B colocalized with TLR9 in the LAMP2* 
endosome in WT cells, neither UNC93B nor 
TLR9 entered the LAMP2* compartment in AP-3- 
deficient cells (fig. S9). These data indicated that 
AP-3 is required for trafficking of both UNC93B 
and TLR9 to the LAMP2* compartment after 
DOTAP-CpG-A stimulation. 

We next examined a possible interaction be- 
tween TLR9 and AP-3. AP-3 is normally lo- 
calized to the trans Golgi network and the tubular 
endosomal sorting compartment (28). According- 
ly, whereas little colocalization of the AP-3 com- 
plex with TLR9 was observed at steady state, upon 
CpG-A stimulation substantial colocalization 
between AP-3 and TLR9 was seen (Fig. 3A). In 
contrast, we observed minimal colocalization of 
AP-3 and TLR9 at any time during the 120-min 
observation period when cells were stimulated 
with DOTAP alone, DOTAP-GpC, or DOTAP— 
CpG-B (fig. S10). To further test whether TLR9 
and AP-3 interact, TLR9-GFP and a Flag-tagged 
AP-3u3A subunit were coexpressed in RAW264.7 
macrophages, and their association after DOTAP— 
CpG-A stimulation was determined by means of 
coimmunoprecipitation (Fig. 3B). These data 
indicated that AP-3u3A preferentially associated 
with cleaved TLR9 in the presence of DOTAP— 
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CpG-A (Fig. 3B) but not DOTAP alone, DOTAP- 
GpC, or DOTAP-—CpG-B stimulation (fig. S11). 
We hypothesized that AP-3 might mediate this 
through the recruitment of downstream signaling 
proteins capable of activating IRF-7. In this re- 
gard, tumor necrosis factor (TNF) receptor— 
associated factor 3 (TRAF3) has been shown to 
specifically trigger activation of type I IFN genes 
upon TLR engagement (/0, 7). AP-3 associated 
with IRF7 and was capable of promoting in- 
teraction between IRF7 and TRAF3 (Fig. 3C). 
These data indicated that besides associating with 
the cleaved form of TLR9 and facilitating its 
trafficking to the LAMP2* compartment, AP-3 
supports the association of TRAF3 and IRF7. 
To directly examine from which intracellular 
compartment TLR9 signals to activate IRF7, we 
performed a confocal microscopy analysis of IRF7 
engagement by TLR9 at various time points after 
DOTAP-CpG stimulation. BMM from WT and 
Ap3bI’’ mice were transduced with IRF7- 
yellow fluorescent protein (YFP) (fig. S12A). In 
unstimulated cells and cells stimulated with 
DOTAP-CpG-B, IRF7 signal remained diffuse 
throughout the cytosol. In contrast, IRF7 was 
recruited to CpG-A-containing LysoTracker* ves- 
icles in cells stimulated with DOTAP—CpG-A 
(Fig. 4A). IRF7 failed to form around CpG-A-— 
containing vesicles in AP-3—deficient cells. Quan- 
titative analysis revealed that 50% of WT cells 
and 5% of Ap3bI“ cells had IRF7 recruited to 
CpG-A-containing vesicles (fig. S12B). These 
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Fig. 3. AP-3 forms a complex with TLR9 and promotes association of TRAF3 and IRF7. (A) RAW264.7 cells 
expressing TLR9-GFP and AP-3u3A were left unstimulated or stimulated with DOTAP—CpG-A (3 uM) for 
1 hour. The cells were stained and analyzed for TLR9-GFP (green) and AP-313A (red). Scale bars, 5 ,um. (B) 
RAW264.7 cells transduced with a combination of retroviruses encoding TLR9-GFP or AP-3u3A-Flag or 
both were stimulated with DOTAP—CpG-A for the indicated time points, and lysates were prepared and 
analyzed either (bottom) directly or (top) after immunoprecipitation with an antibody to Flag and 
immunoblotted with an antibody to GFP. (C) Human embryonic kidney (HEK) 293 T cells transfected with 
the indicated plasmids for 24 hours were lysed and immunoprecipitated with antibody to Flag, separated 
by means of SDS—polyacrylamide gel electrophoresis (SDS-PAGE), and blotted with the indicated 
antibodies. The data are representative of (A) four, (B) five, and (C) three independent experiments. 
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data further supported the notion that AP-3 is 
required to recruit IRF7 to TLR9. 

Our data thus far suggested that the failure of 
TLR9 to induce IFN expression in AP-3—deficient 
cells is due to the inability of TLR9 to traffic to a 
specialized LAMP2" LRO and engage IRF7. If 
this is the case, it should be possible to bypass the 
requirement for AP-3 by targeting TRAF3 to the 
VAMP3" compartment from which TLR9 normal- 
ly engages NF-«B activation. To accomplish this 
goal, we searched for a targeting motif that allowed 
molecules to be specifically recruited to such an 
endosomal compartment. Phosphoinositides (PIs) 
are a key component of cell membranes. Every 
organelle is equipped with a distinct array of PI 
kinases and PI phosphatases, which produce a 
specific set of PI species. Phosphatidylinositol 
3,5-bisphosphates [PI(3,5)P>2] are synthesized in 
the early endosomes (29) and are also found on 
the membrane of multivesicular bodies (30). Thus, 
we generated a chimeric molecule in which a 
P1(3,5)P>-binding plextrin homology (PH) domain 
of centaurin B2 (37) is fused to the N-terminal 
end of TRAF3 (PH-TRAF3). PH-TRAF3 associ- 
ated with the VAMP3'LAMP2 TLR9' endosomes 
in response to DOTAP-CpG-A stimulation in 
Ap3bI “cells (Fig. 4B). Combined with our find- 
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ing that TLR9 localization in VAMP3* compart- 
ment is sufficient to trigger IL-12p40 production 
(Figs. 1 and 2), these data suggested that PI(3,5)P> 
decorate the VAMP3*LAMP2- endosome from 
which TLR9 signals to activate NF-«B (NF-KB 
endosome). To determine whether TRAF3 tar- 
geting to the NF-kB endosome could overcome 
the deficient IFN induction seen in Ap3bI ‘cells, 
Ap3bI’” primary BMM were transduced with 
PH-TRAF3, and its ability to induce IFN expres- 
sion after DOTAP—CpG-A stimulation was as- 
sessed. We found that targeting of TRAF3 to the 
NF-«B endosome was sufficient to reconstitute 
TLR9 signaling for IFN induction in Ap3bl-” 
cells (Fig. 4C). Further, IL-12p40 gene expres- 
sion was not substantially altered by PH-TRAF3 
expression, indicating that the levels of ectopic 
PH-TRAF3 expression in primary macrophages 
were not sufficient to affect NF-«B signaling. Col- 
lectively, our data indicated that the defective 
TLR9 signaling in the absence of AP-3 is due to 
the inability of TLR9 to enter the specialized LRO 
capable of recruiting TRAF3 and IRF7 to the 
MyD88 signaling complex. 

On the basis of our current study, we propose 
the following mechanism for TLR9 trafficking 
and signaling (fig. S13). TLR9 synthesized in the 
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Fig. 4. Targeting of TRAF3 to PI(3,5)P2* 
compartment bypasses the requirement 
for AP-3 in TLR9 signaling. (A) BMM 
from Ap3b1~ mice transduced with 
lentivirus encoding YFP-IRF7 were stimu- 
lated with DOTAP—CpG-A-Cy5 for 6 
hours and analyzed by means of confocal 
microscopy to detect YFP-IRF7 (green), 


LysoTracker (red), and CpG-A (white/blue). Scale bars, 5 jum. (B) BMM from Ap3b1~~ mice transduced with 
retrovirus encoding TLR9-GFP and PH-TRAF3 were stimulated with DOTAP—CpG-A for 4 hours (VAMP-3 
staining) or 6 hours (LAMP-2 staining) and analyzed by means of confocal microscopy in order to detect 
TLR9-GFP (green), VAMP3 (red), or LAMP-2 (red), and PH-TRAF3 (blue). Scale bars, 5 um. (C) BMMs from 
Ap3b1~~ mice were transduced with lentivirus encoding TRAF3 or PH-TRAF3. IFN-o. and IL-12p40 mRNA 
expression was assessed by means of quantitative RT-PCR at 12 hours after DOTAP—CpG-A stimulation. 
Results are representative of four independent experiments. 
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ER traffics through the Golgi to enter the early 
endosome—a process facilitated by UNC93B. 
This VAMP3'LAMP2_ PI(3,5)P>- endosome (NF- 
«B endosome) is proteolytically active, enabling 
TLR9 to be cleaved and signal through NF-«B 
to activate proinflammatory cytokine genes. AP-3 
complex interacts with cleaved TLR9 in the NF- 
«B endosome and facilitates its trafficking to the 
LAMP2* LRO compartment, where TLR9 can 
engage the TRAF3 and IRF7 signaling pathway 
and induce transcription of IFN genes (IRF7 endo- 
some). This specialized IFN-inducing LRO com- 
partment is probably further downstream of the 
NF-«B-inducing endosome because transcription 
of IL-12 p40 occurred as early as 2 hours after 
CpG-A stimulation in pDCs, whereas mRNA for 
IFN-a was not detected until 4 to 6 hours (fig. 
S14). Moreover, intracellular cytokine analysis of 
pDCs stimulated with CpG-A revealed that cells 
that secrete IFN-o. always also produced TNF-a 
but not vice versa (fig. S15). Given that AP-3 is 
dispensable for conventional maturation of endo- 
somes but is required for the formation of LRO in 
specialized cell types such as melanocytes (mela- 
nosomes) and platelets (platelet granules) (19), it 
is tempting to speculate that pDCs are naturally 
equipped with an LRO dedicated for IFN produc- 
tion and that DCs and macrophages are capable 
of generating such LROs when CpG-A is deliv- 
ered by cationic liposomes. Our data are consistent 
with the idea that the temporal and spatial coor- 
dination of a single receptor could be used to send 
signals for transcriptional activation of a distinct set 
of genes and that an adaptor protein can regulate 
this process. 
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Differential Arginylation of Actin 
Isoforms Is Regulated by Coding 
Sequence—Dependent Degradation 


Fangliang Zhang,? Sougata Saha,’ Svetlana A. Shabalina,” Anna Kashina?* 


The mammalian cytoskeletal proteins B- and y-actin are highly homologous, but only B-actin is 
amino-terminally arginylated in vivo, which regulates its function. We examined the metabolic fate of 
exogenously expressed arginylated and nonarginylated actin isoforms. Arginylated y-actin, unlike B-, was 
highly unstable and was selectively ubiquitinated and degraded in vivo. This instability was regulated by 
the differences in the nucleotide coding sequence between the two actin isoforms, which conferred 
different translation rates. y-actin was translated more slowly than B-actin, and this slower processing 
resulted in the exposure of a normally hidden lysine residue for ubiquitination, leading to the preferential 
degradation of y-actin upon arginylation. This degradation mechanism, coupled to nucleotide coding 


sequence, may regulate protein arginylation in vivo. 


ctin is a major cytoskeletal component in 
Acie cells. Mammalian B- and y- 
actin (/—4) are encoded by different 
genes and differ substantially at the nucleotide 
level, but are nearly identical in their amino acid 
sequences, with only four homologous substitu- 
tions near their N termini. N-terminal methionine 
(M) in the actin sequence is removed immedi- 
ately after synthesis, exposing the aspartic acid (in 
B-actin) or glutamic acid (in y-actin) that can un- 
dergo subsequent posttranslational modifications 
(5). Arginylation, posttranslational addition of ar- 
ginine (R) to proteins mediated by arginyltransferase 
(6), affects cytoskeletal proteins (7) and regulates 
actin (8); however, only B-actin is posttranslation- 
ally arginylated on the N terminus in vivo (8). The 
mechanism for such a differentiation between these 
two highly similar actin isoforms is unclear. 
Although arginylated B-actin is metabolically 
stable (8), other proteins can be targeted for deg- 
radation via N-terminal arginylation (9). To test the 
possibility that such arginylation-dependent target- 
ing may selectively affect arginylated y-actin, we 
tested the metabolic stability of mammalian fusion 
constructs encoding wild-type and N-terminally 
arginylated B- and y-actin [termed M- and R- 
actin, respectively; see fig. S3A and supporting 
online material (SOM) text 1 and 2 for further ex- 
planations and construct validation] (/0). 
Exogenously expressed R-y-actin was indeed 
significantly less abundant than R-f-actin or 
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M-actin isoforms (Fig. 1A and figs. S3 and S4). 
Measurements of posttranslational degradation 
in the presence of cycloheximide showed that 
arginylated y-actin was degraded significantly 
faster than other actin species (Fig. 1B and fig. 
S5). Its levels specifically increased in the pres- 
ence of proteasome inhibitor MG132 (Fig. 1C), 
suggesting that selective degradation of y-actin 
was at least in part proteasome-dependent. 

To examine whether, in addition to the amino 
acid sequences, differences in B- and y-actin coding 
sequences (fig. S6A) could be involved in regu- 
lating their differential stability, we produced “‘con- 
verted” actin isoforms, termed B-coded—y-actin 
(Bc-y-actin) and y-coded-B-actin (yc-B-actin), that 
used the coding sequence of B-actin to produce 
the amino acid sequence of y-actin and vice versa 
(fig. S6B). Such conversion resulted in a reversal 
of the intracellular levels of arginylated B- and y- 
actin (Fig. 2A and figs. S7 and S8). Despite iden- 
tical amino acid sequences, arginylated yc-f-actin 
was much less abundant than (less than half of) 
arginylated B-actin, whereas R-Bc-y-actin was 
over fourfold more abundant than R-y-actin. Such 
codon switching did not significantly affect post- 
translational degradation dynamics (Fig. 2C and 
fig. S9) or intracellular levels of nonarginylated 
B- and y-actin (Fig. 2B), indicating that the effect 
of codon switching was cotranslational and spe- 
cifically mediated by arginylation. Thus, changes 
in intracellular level of arginylated actin isoforms 
after the codon switching resulted from changes in 
their cotranslational and not posttranslational deg- 
radation. This difference was mainly defined by 
the first 100 nucleotides of the actin coding se- 
quence (fig. S10). 

The cotranslational events that contribute to the 
overall protein stability include translation speed 


and/or cotranslational degradation (//). To test 
whether B- and y-actin have different translation 
speeds, we compared the dynamics of accumula- 
tion of B- and y-actin (translated from the con- 
structs that contain identical translation initiation 
and termination sites) in the presence of pro- 
teasome inhibitor MG132 in vivo and in vitro in 
rabbit reticulocyte lysates. In both tests, y-actin 
accumulated more slowly than did B-actin (Fig. 
3, A and B, figs. S11 and S12, and table S1). In 
agreement with this, ribosome translocation speeds 
measured by incorporation of labeled amino acids 
into nascent peptides (/2) were faster for B- than 
for y-actin (Fig. 3C and table S2). Patterns of the 
ribosome-bound nascent peptides (/3) showed 
at least one prominent low-molecular-weight band 
in y-actin that was not present in B-actin (Fig. 
3D), suggesting that the ribosome paused during 
translation of the first short stretch of the y-actin 
sequence. 

The two major factors that can affect trans- 
lation speed or dynamics are codon usage and 
mRNA structure. Analysis of the codon usage in 
B- and y-actin revealed no prominent features 
within the first hundred nucleotides that could 
explain their difference in translation speeds (fig. 
S20). However, computational prediction of the 
folded RNA structure within the 5’ region of the 
actin coding sequence showed a significant dif- 
ference between y- and B-actin mRNA within the 
beginning of their coding sequences (figs. S21 to 
S25) that probably underlies their different trans- 
lation speed and dynamics. 

To test whether the slow translation of y-actin 
is responsible for its preferential cotranslational 
degradation upon arginylation, we used anisomy- 
cin to slow down translation (/4) and compared 
the levels of the normally stable R-B-actin with that 
of nonarginylated M-f-actin in anisomycin-treated 
cells. As expected, increasing doses of anisomycin 
progressively reduced the levels of both actin spe- 
cies; however, R-B-actin levels decreased to a larger 
extent than did M-B-actin levels in a dose-dependent 
manner (Fig. 3, E and F, and fig. S13). A similar 
effect was observed for R-y and M-y, whereas no 
significant difference was seen between nonargi- 
nylated actins (fig. S14). Thus, slowing down trans- 
lation indeed leads to a reduction in the actin 
levels that is mediated by N-terminal arginylation. 

N-terminal arginylation can attract ubiquitin 
conjugation machinery (/5, 16). Such ubiqui- 
tination often happens on the Lys nearest to the N 
terminus and is believed to be an essential feature 
of the arginylation-dependent N-degron (9). The 
actin sequence has a Lys residue in position 18 
from the N terminus, which is predicted to be 
buried in the core of the folded actin molecule 
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A M-B M- RB R- c M-8 Ney (fig. S15). However, this Lys is probably exposed 
* if DMSO MG132 DMSO MG132 ‘for potential modifications during translation be- 

actin-GFP — fore the folding can be completed, an effect that is 
—"- —- = actin-GFP ba ed expected to affect y-actin, translated at a slower 


rate, much more than f-actin. To test whether 


B-tubulin =o =e Lys'® (K18) affected degradation of arginylated 
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i‘ M-B M-y R-B R-y actin isoforms in nonmuscle cells is regulated 


: ; = . by a degradation mechanism that selectively tar- 
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7 kk . . . 

Numbers in all panels represent mean + SEM; “*P< acid but also on the nucleotide coding sequence, 
0.01, Student's t test. (A) (Top) Representative im- and is linked to cotranslational processing and 
munoblots of the ses - wintok oe kid- ubiquitination. Such combination of mechanisms 
ney (HEK) 2937 Cove VAD SIECIee WIN ACHO AIC jet least partially proteasome-dependent and re- 
fluorescent protein (GFP) constructs and probed sults in selective removal of arginylated y-actin 
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(Bottom) Quantifications of the stationary protein arginylation regulates actin function at the cell 
levels as the amounts of in vivo actin-GFP per !eading edge (8), ensuring that only B- but not 
mRNA unit, normalized to the level of M-B-actin (n = 4 for R- and R-y and 6 for M-B and M-y). (B) Changes __-8Ctin is arginylated can constitute an important 
in actin protein level over time in the presence of cycloheximide, normalized to zero time point (n =3 for _ Step in this regulation (SOM text 3). 

M-B and M-y and 6 for R-B and R-y). (C) (Top) Representative immunoblots showing the stationary protein Because Lys'* involved in cotranslational 
levels of the actin fusions and B-tubulin loading control in cells treated with dimethyl sulfoxide (DMSO) or degradation of y-actin is normally hidden inside 
MG132. (Bottom) Quantification of the -fold change of each fusion protein upon MG132 treatment the protein core, it appears likely that this Lys is 
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A R-BoORy Reef R-po-y B BE py Wp Mey ct Weed Ci2 Posttranslational degradation 
: . dynamics 
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= £ ha 
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reNA [1.00 | 066 | 061 | 067 
mRNA - - - - Stationary protein level in vivo 
Stationary protein level in vivo xt Time (min) 

aa ” Zz 
& E 08 Fig. 2. Coding sequence affects stationary protein 
& 0.8 a levels of arginylated actin isoforms without affecting 
i e) #4 their posttranslational degradation dynamics. Num- 
parr aa bers in all panels represent mean + SEM; **P < 0.01, 
3 & Student's f test. (A and B) Representative immunoblots 
ood 0 7 reer a mae of the lysates of HEK 293T cells transfected with actin- 

RB Ry RicB R-Be-y py MB My MoeB M-be-Y — Gep constructs and probed with anti-GFP and $-tubulin 


as loading controls. Boxed numbers at the bottom 
indicate corresponding mRNA levels (arbitrary units). Histograms indicate stationary protein levels of each actin species quantified per mRNA unit and 
normalized to the level of R-B- (A) or M-B-actin (B). In (A), n = 5; in (B), n = 3 for p- and p-y [the constructs that contain no N-terminal Ub fusion (fig. S2 and 
SOM text 2)], M-yc-B, and M-Bc-y and 6 for M-B and M-y. Double asterisks indicate statistical significance with P < 0.01. (C) Changes in actin protein levels 
over time in the presence of cycloheximide, normalized to the protein level at zero time point (n = 5 for R-yc-B and R-fc-y- and 6 for R-B and R-y). 
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Fig. 3. Slower translation of y-actin is linked to arginylation-mediated 
degradation. Numbers in all panels represent mean + SEM. (A) Representative 
immunoblots of the lysates of HEK 293T cells transfected with actin-GFP con- 
structs, treated with MG132, and probed with anti-GFP and B-tubulin as load- 
ing controls. (B) Quantification of protein levels for M-B- and M-y-actin 
adjusted to the starting mRNA level and normalized to the 1-hour time point 
in each set (n = 8). (C) Incorporation of 3H-Leu into ribosome-bound nascent 
peptides of B- and y-actin over time, normalized to the 12-min time point (n = 3). 
(D) Pattern of ?°S-labeled nascent peptides. Boxed area represents the bottom 
part of the same gel, contrasted to emphasize the lower molecular weight 


Fig. 4. Cotranslational degradation of arginylated y-actin A 


is achieved via a ubiquitin-dependent mechanism. Ry 


bands by using Adobe Photoshop “brightness/contrast” function applied 
equally to the entire inset image. Arrow in both images indicates the ad- 
ditional low-molecular-weight band present in y-actin. Similar results were 
observed in two independent repeats. (E) Stationary protein levels of actin 
proteins plotted against the increasing concentrations of anisomycin. (F) Sta- 
tionary levels of actin proteins from the experiment shown in (E), quantified by 
independently performed Western blots by loading M-B- and R-B-actin side by 
side and plotted as ratio of [R-BJ/[M-B] against anisomycin concentration. 
Curves in (E) and (F) are normalized to the sample with 0 uM of anisomycin in 
each set (n = 3). 
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protein levels over time in the presence of cycloheximide, B 
normalized to the protein level at zero time point (n = 4 


actin-GFP + 6xHis-Ubiquitin 


Ubiquitination level 


input NTA-Ni pulldown 1.2 * 


for K18L-R-y and 6 for Ry). (B) (Left) Total actin-GFP levels Ry K18L-Ry Ry —_K18L-Ry 3 
in cells cotransfected with actin constructs and His-tagged E08 
ubiquitin (input) and in the pellet after His-tag precipita- oe fF 
tion to enrich for ubiquitinated proteins (pulldown). NTA, actin-GEP ; 2 as 
nitrilotriacetic acid. (Right) Quantification of the ubiq- ; ! S 2 
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early during translation, targeting actin for degra- 
dation in a proteasome-dependent or -independent 
way. However, replacement of Lys'® had only a 
partial effect in reducing the ubiquitination and sta- 
bilizing the arginylated y-actin, suggesting that other 
Lys residues in the actin sequence or the molecular 
chaperones involved in cotranslational actin pro- 
cessing may also contribute to this process (/8). 

In addition to selective degradation, actin iso- 
forms may also be selectively recognized by arginyl- 
transferase, either via the specificity of the enzyme 
itself or by its spatial segregation toward one actin 
isoform. However, arginyltransferase has fairly poor 
substrate specificity (7), and it can efficiently argi- 
nylate both N-terminal Asp and Glu (9, 20), found 
at the N terminus of B- and y-actin, respectively (5). 
Spatial segregation toward one actin isoform is 
also unlikely, because arginyltransferase appears to 
have no relevant bias in its intracellular distribution 
(79, 20). Actin’s N-terminal acetylation (5, 27, 22) 
may also be isoform-biased and regulate its degra- 
dation state; however, to date all actin isoforms 
appear to be equally acetylated. Thus, selective deg- 
radation appears to be the most plausible explana- 
tion for why only one of the two predominant actin 
isoforms is arginylated in nonmuscle cells. 

For some proteins, N-terminal arginylation tar- 
gets them for degradation (/6, 23), whereas for 


others it does not (7, 8). Perhaps arginylation may 
be a self-regulating modification that ensures se- 
lective accumulation of some arginylated pro- 
teins and removal of others. This mechanism 
may be used not only with actin isoforms but also 
with other closely homologous but selectively 
arginylated proteins. 
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MiR-16 Targets the Serotonin 
Transporter: A New Facet for Adaptive 
Responses to Antidepressants 


Anne Baudry,” Sophie Mouillet-Richard,’ Benoit Schneider,” 


Jean-Marie Launay,”’* Odile Kellermann** 


The serotonin transporter (SERT) ensures the recapture of serotonin and is the pharmacological 
target of selective serotonin reuptake inhibitor (SSRI) antidepressants. We show that SERT is a 
target of microRNA-16 (miR-16). miR-16 is expressed at higher levels in noradrenergic than in 
serotonergic cells; its reduction in noradrenergic neurons causes de novo SERT expression. In 
mice, chronic treatment with the SSRI fluoxetine (Prozac) increases miR-16 levels in serotonergic 
raphe nuclei, which reduces SERT expression. Further, raphe exposed to fluoxetine release the 
neurotrophic factor $1008, which acts on noradrenergic cells of the locus coeruleus. By 
decreasing miR-16, $1008 turns on the expression of serotonergic functions in noradrenergic 
neurons. Based on pharmacological and behavioral data, we propose that miR-16 contributes to 
the therapeutic action of SSRI antidepressants in monoaminergic neurons. 


ransporters selective for serotonin [5- 
| hydroxytryptamine (5-HT)] (SERTs), nor- 
adrenaline (NETs), or dopamine ensure 


the reuptake of monoamines at the synaptic cleft 
and thereby sustain the action of therapeutic agents 
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in the treatment of a variety of psychiatric dis- 
orders (/). Dysfunction of serotonergic neuro- 
transmission has been implicated in depression as 
well as obsessive-compulsive disorder, anxiety, 
and suicidal behavior (2). Selective serotonin 
reuptake inhibitors (SSRIs) are beneficial in the 
treatment of all these neuropsychiatric conditions. 
A still enigmatic observation is that SSRIs need to 
be administered for long time periods to yield 
clinical improvement (3). 

The distribution of SERT in the brain mirrors 
that of serotonergic neuronal cell bodies and 
innervating fibers (4, 5). Serotonergic raphe neu- 
rons project to most parts of the central nervous 


system and coordinate the physiology of the 
whole brain (2). Chronic SSRI antidepressant 
treatment promotes reductions in SERT binding 
and protein levels but does not affect SERT 
mRNA levels (6), suggesting that SSRIs may 
interfere with SERT translation. This control 
of translation could be exerted by microRNAs 
(miRNAs), which have emerged as crucial mod- 
ulators of gene expression (7, 8). Although the 
roles of miRNAs in cell fate decision, differen- 
tiation, maintenance of cell identity, survival, and 
neuronal plasticity are being uncovered (9, /0), 
their targets remain largely unknown. 

To investigate whether miRNAs provide a 
mechanism for adaptive changes in SERT expres- 
sion in monoaminergic neurons, we first exploited 
the 1C11 neuroectodermal cell line, which can 
differentiate into either serotonergic (1C11°") 
or noradrenergic (1C1 1") neuronal cells (fig. SLA) 
(/1). 1C11 neuroectodermal cells express tran- 
scripts encoding SERT and neurotransmitter- 
related markers before their choice of cell fate 
(Fig. 1A and fig. S1B). Because these transcripts 
remain at roughly constant levels during seroto- 
nergic or noradrenergic differentiation, miRNAs 
may participate in the posttranscriptional mech- 
anisms that prevent illegitimate mRNA trans- 
lation according to each program. 

Using in silico computational target predic- 
tion, we identified miR-16 as a miRNA with 
complementarity to the 3’ untranslated region of 
the SERT mRNA (fig. S2A) and then validated 
miR-16 as a SERT-targeting miRNA with a lucif- 
erase assay (fig. S2B). Consistent with a putative 
role of miR-16 as a negative regulator of SERT 
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translation, we found that 1C11 neuroectodermal 
cells expressed a low level of miR-16, which in- 
creased along the noradrenergic pathway, where- 
as the level did not vary along the serotonergic 
program (fig. S2C). 

If the SERT is indeed a target of miR-16, then 
miR-16 overexpression in 1C11°"" cells should 
decrease SERT protein levels. During serotoner- 
gic differentiation, SERT translation starts at 
day 2 (/2). Functional 5-HT uptake and antide- 
pressant recognition occur at day 4. Among mono- 
amine transporters, only SERT has the capacity 


Fig. 1. miR-16 targets SERTinthe A 
1C11 cell line. (A) Reverse tran- 

scription polymerase chain reac- Sert 
tion (PCR) analysis of SERT and 

NET transcripts during serotoner- 

gic and noradrenergic differentia- 

tion. Glyceraldehyde phosphate 
dehydrogenase mRNA was used © 
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5-HT uptake; and (E) ['251]-RTI-55, which ee 
recognizes NET and SERT. (F to I) a= 0 


miR-16 reduction in 111" cells 
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to bind SSRI antidepressants [such as paroxetine 
and fluoxetine (Prozac)] (/3). The SERT further 
recognizes the cocaine congener [!*°I]-RTI-55, 
which also binds to NET (/2). Using these phar- 
macological tools, we quantified the level of SERT 
expression in I1C11°"" cells after transfection 
with miR-16. miR-16 overexpression reduced 
the number of [?H]-paroxetine or ['?°1]-RTI-55 
binding sites by 40% (Fig. 1B). In contrast, the 
number of [?H]-paroxetine and ['*I]-RTI-55 
binding sites remained unchanged when 1C11°""" 
cells were transfected with miR antisense oligo- 
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nucleotides (anti-miR-16) (Fig. 1B), suggesting 
that SERT translation is insensitive to the endog- 
enous basal level of miR-16 in 1C11°""" cells. 
1C11%* noradrenergic cells selectively im- 
plement a functional NET at day 12 of their pro- 
gram (//). Although they express SERT mRNAs, 
SERT molecules are undetectable (Fig. 1, A and 
D). Assuming that the up-regulation of miR-16 
during noradrenergic differentiation (fig. S2C) 
may have a role in silencing SERT transcripts, we 
exposed 1C11“® cells to anti-miR-16. Binding 
was measured with three drugs: [*H]-nisoxetine, 
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control, (E) *P < 0.01, and [(D) and (F) to (I)] *P < 0.001 versus control and miR-16. 


25 B Cc 
D 
2.00 oe 
a 0 ——— D 
an = © 400 on 
1585 es 35“ 
BS @ 5200 2 300 
1085 5 t= 
2 B © 200 = = 2200 * 
roo XB GE 
059 & 3 100 £ 2 100 
aE oe 
xr 0 : 7 Ts O T z 7 
— Control Fluoxetine Fluoxetine+ eS Control miR16 


Wht3a LiCl 


Fig. 2. Fluoxetine increases miR-16 levels in raphe by antagonizing canonical 
Wnt signaling. (A) Mice received chronic stereotaxic injection (2 uVmin) of 
fluoxetine (1 uM) into raphe for 3 days in combination or not with activators of 
the canonical Wnt pathway [Wnt3a (50 ng/ml), LiCl (1 mM), or SB-216763, a 
selective GSK-38 inhibitor (100 nM)]. The levels of miR-16 and pre/pri—miR- 
16 in raphe were determined by real-time PCR. Data are means + SEM (n = 7 
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animals), **P < 0.01 versus control, *P < 0.05, and §&P < 0.01 versus 
fluoxetine alone. (B and C) SERT expression ((?H]-paroxetine binding) was 
determined in raphe extracts of mice perfused (2 uV/min) for 3 days into the 
raphe with fluoxetine (1 uM) in the presence or absence of anti—miR-16 (1 ul, 
2 uM) (B) or after direct injection of miR-16 (1 ul, 2 uM) (C). Data are means + 
SEM of seven animals, *P < 0.01 versus control. 
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which is selective for NET; ['7°I]-RTI-55, which 
binds NET and SERT; and [*H]-paroxetine, 
which recognizes SERT only. NET expression 
was insensitive to a reduction of miR-16 (Fig. 
1C). In contrast, anti-miR-16 induced the ap- 
pearance of paroxetine binding sites in 1C11‘" 
cells (Fig. 1D) and increased the number of RTI 
binding sites to the sum of nisoxetine and 
paroxetine binding sites (Fig. 1E). The number 
of newly induced RTI sites equaled the number 
of paroxetine binding sites and may thus be 


Fig. 3. Fluoxetine injec- 
tion into raphe decreases 3 
miR-16 in the locus coe- 
ruleus and turns on SERT 
expression, 5-HT synthesis, 
and 5-HT», receptor expres- 
sion in the locus coeruleus. 
Chronic stereotaxic injection 
of fluoxetine (1 uM, 2 uVmin) 
into the mouse raphe was 
carried out for 3 days. All 
measurements were made 
on locus coeruleus extracts: 
(A) miR-16 level using real- 
time PCR, (B) SERT expression 
(PH]-paroxetine binding), 
(© TPH activity, and (D) 
amount of 5-HT2, receptors 
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Hence, the inhibition of miR-16 unlocks SERT 
protein expression in 1C11%" cells and renders 
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antidepressants. 
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miR-16 levels in 1C11‘® cells would promote 
changes in noradrenergic phenotypic parameters 
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Fig. 4. Fluoxetine induces 1€11°"" cells to release $1008, which decreases miR-16 expression and triggers 


the implementation of serotonergic markers in 1€11" 


E cells. (A) Treatment of 1€11°"" cells with fluoxetine 


(50 nM) for 2 days increased the extracellular content of S1008. (B to F) 1€11°"" or 1€11"€ cells were 
exposed to $1008 (1 nM) for 2 days. (B) The level of miR-16 as analyzed by real-time PCR was decreased in 
1¢11°"" and 1¢€11™ cells. (CQ) S1008 did not affect SERT expression in 1€11°"" cells, whereas it induced the 
expression of SERT in 1€11™ cells ([?H]-paroxetine binding). In 1€11™ cells, S100 triggered de novo 5-HT 
synthesis (detection of TPH activity) (D), 5-HT intracellular content (E), and 5-HT2g receptor expression (PHI-LY 
266097 binding) (F). Data are means + SEM of seven independent experiments, *P < 0.01 versus control. 


www.sciencemag.org SCIENCE VOL 329 


with anti-miR-16 had no impact on noradrenergic- 
associated functions in 1C11N¥ cells (fig. $3). In 
contrast, the cells acquired a complete serotoner- 
gic metabolism, as defined by the ability to syn- 
thesize, store, and degrade 5-HT, and they expressed 
5-HT>, receptors (Fig. 1, F to I). These results 
show that miR-16 acts as a global repressor of the 
expression of serotonergic-specific functions in 
IC™ cells. 

We hypothesized that the miR-16—dependent 
regulation of the SERT shown in the 1C11 cell 
line may have physiopathological relevance 
in vivo. We first quantified miR-16 in mouse 
serotonergic raphe nuclei (2) versus the noradre- 
nergic locus coeruleus (/4). As in the 1C11 cell 
line, lower levels of miR-16 were found in raphe 
than in the locus coeruleus (fig. S2D). Then we 
assessed whether SSRI antidepressant treatment 
could alter the levels of miR-16 in these regions of 
the mouse brain. When fluoxetine was infused 
into raphe, we observed a 2.5-fold increase in the 
level of miR-16 and a twofold reduction in PH]- 
paroxetine binding in raphe (Fig. 2, A and B). 
Direct injection of miR-16 into raphe yielded a 
similar decrease in [*H]-paroxetine binding (Fig. 
2C). Finally, [*H]-paroxetine binding was not af- 
fected after the infusion of fluoxetine together with 
antinmiR-16 (Fig. 2B). These data demonstrate 
that fluoxetine regulates SERT expression through 
miR-16 in raphe. 

The fluoxetine-induced up-regulation of miR-16 
in raphe nuclei may involve a pre/pri-miR-16 en- 
hanced transcription and/or maturation. In raphe 
versus the locus coeruleus, the level of pre/pri- 
miR-16 was inversely correlated with the level of 
miR-16 (compare figs. S2D and S4). In addition, 
the fluoxetine-mediated increase in miR-16 in raphe 
was accompanied by a decrease in pre/prizmiR-16 
(Fig. 2A), thus supporting the maturation hypoth- 
esis. Because canonical Wnt signaling may repress 
miR-16 maturation (/5), we quantified the levels 
of miR-16 and pre/pri-miR-16 under combined 
fluoxetine treatment and activation of the Wnt 
pathway. The up-regulation of miR-16 and the 
down-regulation of pre/pri-miR-16 triggered by 
fluoxetine in raphe were both eliminated by either 
Wnt3a, LiCl, or SB-216763 (Fig. 2A). Chronic 
fluoxetine treatment actually interfered with ca- 
nonical Wnt signaling, as inferred from the in- 
crease in glycogen synthase kinase-3B (GSK-38) 
activity (fig. SSA). Hence, the SSRI fluoxetine 
augments the level of miR-16 in raphe by an- 
tagonizing Wnt signaling and thereby negatively 
regulates SERT expression. 

When infused into the locus coeruleus, flu- 
oxetine failed to induce any change in miR-16 
expression (fig. S6), which is in agreement with 
the lack of SERT expression in noradrenergic 
neurons under basal conditions. In contrast, upon 
infusion of fluoxetine into raphe, we monitored a 
30% reduction in miR-16 in the locus coeruleus 
(Fig. 3A), associated with a decrease in GSK3B 
activity (fig. SSB). This down-regulation of miR- 
16 was accompanied by the induction of SERT 
expression, as well as tryptophan hydroxylase 
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(TPH) activity and 5S-HT>, receptors (Fig. 3, B to 
D). Confocal microscopy confirmed that SERT 
induction occurred in tyrosine hydroxylase— 
positive neurons (fig. S7). Thus, the locus coe- 
ruleus responds to fluoxetine injection in raphe 
by switching on serotonergic functions. Like- 
wise, in a more clinically relevant paradigm, 20 
days after daily intraperitoneal injection of flu- 
oxetine into mice, we measured a 27% decrease 
of miR-16 associated with an expression of SERT 
molecules in the locus coeruleus (fig. S8, A and B). 

The question then arises of how the response 
of serotonergic neurons to fluoxetine treatment is 
relayed to noradrenergic neurons in vivo. Recip- 
rocal connections exist between these two brain- 
stem monoaminergic nuclei, thus supporting 
communication between the two systems (/6). 
Recently, the expression of miR-16 in monocytes 
was shown to be down-regulated by $1008 (77), 
a neurotrophic protein that is up-regulated by 
fluoxetine treatment (/8). We therefore hypothe- 
sized that the secretion of S100B increases upon 
exposure of raphe to fluoxetine and that this pro- 
tein acts as a paracrine factor to promote the 
reduction in miR-16 in the locus coeruleus, in 
turn unlocking the expression of serotonergic 
functions. We first exposed 1C11°""" cells to flu- 
oxetine and observed an accumulation of S100B 
in the culture medium (Fig. 4A). Although the 
addition of S100 slightly decreased miR-16 
levels in these serotonergic cells (Fig. 4B), it did 
not affect SERT expression (Fig. 4C), which is in 
agreement with the lack of impact of miR-16 
silencing on SERT in 1C11>"" cells (Fig. 1B). A 
larger decrease (43% of control level) of miR-16 
was seen in 1C11%* cells exposed to $1008 (Fig. 
4B), which correlated with the appearance of 
SERT (Fig. 4C). In addition, after S1006 treat- 
ment, 1C11® cells acquired the ability to synthe- 
size and store 5-HT (Fig. 4, D and E) and to 
express 5-HT>p receptors (Fig. 4F). These data 
thus validate our working hypothesis on an in 
vitro level. We then measured the level of S1008 
in raphe upon infusion of fluoxetine. Fluoxetine 
up-regulated $1008 levels in serotonergic nuclei 
(133% versus control) (Fig. 5A). Further, injec- 
tion of S1008 into the locus coeruleus decreased 
(by 22.4%) miR-16 levels and turned on the 
expression of SERT (Fig. 5, B and C). Finally, 
antibody-mediated neutralization of S1008 in the 
locus coeruleus prevented the decrease in miR-16 
levels observed upon infusion of fluoxetine in 
raphe (Fig. 5D). In addition, the decrease in miR- 
16 and the onset of SERT expression observed in 
the locus coeruleus, upon systemic fluoxetine 
treatment, were both eliminated by small inter- 
fering RNA-—mediated knockdown of S100B in 
raphe (fig. S8, A and B). The data from 1C11°" 
cells (Fig. 4A) and the innervation of the locus 
coeruleus by raphe fibers (/6) strengthen the hy- 
pothesis that secretion of S100B by serotonergic 
neurons, at the locus coeruleus, mediates the ac- 
tion of fluoxetine. Secretion of S1008 by glial cells 
in the raphe is less likely to promote a long-range 
action on the locus coeruleus. 


Finally, we demonstrated the potential benefit 
of the fluoxetine-induced regulation of miR-16 in 
two mouse models of depression: the forced swim- 
ming test (FST) (fig. S9) and the unpredictable 
chronic mild stress (UCMS) paradigm (19, 20). 
Mice exposed to a 6-week UCMS regimen ex- 
hibited a deterioration of coat state and reductions 
in body weight gain, sucrose preference, and loco- 
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motor activity that were alleviated to the same 
extent either by chronic infusion of fluoxetine or 
miR-16 into raphe or by anti-miR-16 into the 
locus coeruleus (Fig. 5, E to H) (2/). 

Our study identifies the SERT-targeting 
miRNA miR-16 as a player in relaying SSRI 
antidepressant action (fig. S10). Fluoxetine op- 
erates directly on serotonergic raphe nuclei by 
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Fig. 5. Fluoxetine injection into raphe acts on the locus coeruleus via $1008 and induces behavioral 
responses that are mimicked by increases in miR-16 in raphe or decreases in miR-16 in the locus 
coeruleus. (A) Chronic stereotaxic injection of fluoxetine (1 uM, 2 uVmin, 3 days) into mouse raphe 
induced $1008 efflux. (B and C) Stereotaxic injection of S100B (1 nM, 2 uW/min, 1 day) into the mouse 
locus coeruleus decreased miR-16 (B) and induced SERT expression (C) in locus coeruleus extracts as 
determined by real-time PCR and [?H]-paroxetine binding, respectively. (D) Injection of antibodies against 
$1008 (1 ug/ml, 24 hours) into the locus coeruleus prevented the down-regulation of miR-16 in this brain 
structure induced by chronic infusion of fluoxetine into raphe. Data are means + SEM (n = 7 animals), *P < 
0.01 versus control. (E to H) Six-week UCMS-induced deterioration of the coat state score (E), reduction of 
body weight gain (F), and decreases in sucrose preference (G) and locomotor activity (H) were alleviated 
by stereotaxic injection of fluoxetine (1 1M, 2 uV/min, in the last 5 weeks) or miR-16 (1 yl, 2 uM, every 36 
hours) into mouse raphe or anti—miR-16 (1 ul, 2 uM, every 36 hours) into the locus coeruleus. The 
injection of scrambled miRNAs did not yield any improvement in these tests. Data are means + SEM (n = 6 
to 9 mice per group). §P < 0.01 versus control, *P < 0.05, and **P < 0.01 versus vehicle UCMS. 
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increasing the maturation of miR-16 from its 
precursor pre/pri-miR-16. Raphe additionally 
responds to chronic fluoxetine treatment by 
releasing S100B, which in turn acts on the 
noradrenergic neurons of the locus coeruleus. By 
lowering miR-16 levels, S100B unlocks the ex- 
pression of serotonergic functions in this nor- 
adrenergic brain area. Our pharmacological and 
behavioral data thus posit miR-16 as a central 
effector that regulates SERT expression and 
mediates the adaptive response of serotonergic 
and noradrenergic neurons to fluoxetine treatment. 
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Relating Introspective Accuracy to 
Individual Differences in 


Brain Structure 
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The ability to introspect about self-performance is key to human subjective experience, but the 
neuroanatomical basis of this ability is unknown. Such accurate introspection requires discriminating 
correct decisions from incorrect ones, a capacity that varies substantially across individuals. 

We dissociated variation in introspective ability from objective performance in a simple perceptual- 
decision task, allowing us to determine whether this interindividual variability was associated with a 
distinct neural basis. We show that introspective ability is correlated with gray matter volume in the 
anterior prefrontal cortex, a region that shows marked evolutionary development in humans. Moreover, 
interindividual variation in introspective ability is also correlated with white-matter microstructure 
connected with this area of the prefrontal cortex. Our findings point to a focal neuroanatomical substrate 
for introspective ability, a substrate distinct from that supporting primary perception. 


ur moment-to-moment judgments of the 
outside world are often subject to intro- 
spective interrogation. In this context, 
introspective or “metacognitive” sensitivity refers 
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Fig. 1. Behavioral task. Participants com- 
pleted a two-alternative forced-choice task 
that required two judgments per trial: a 


perceptual response followed by an es- \\| he 


timate of relative confidence in their deci- 
sion. The perceptual response indicated 


to the ability to discriminate correct from in- 
correct perceptual decisions (/), and its accuracy 
is essential for the appropriate guidance of 
decision-making and action (2, 3). For example, 
low confidence that a recent decision was correct 
may prompt us to reexamine the evidence or seek 
a second opinion. Recently, behavioral studies 
have begun to quantify metacognitive accuracy 
following simple perceptual decisions and to 
isolate variations in this ability: A decision may 
be made poorly, yet an individual may believe 


Perceptual task: 
Ist or 2nd? 


whether the first or second temporal in- 
terval contained the higher-contrast (pop- 
out) Gabor patch (highlighted here with a 
dashed circle that was not present in the 


actual display), which could appear at any one of six locations around a central 
fixation point. Pop-out Gabor contrast was continually adjusted with the use of 
a staircase procedure to maintain ~71% performance. Confidence ratings were 
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that his or her performance was good, or vice 
versa (4-8). Whereas previous work has inves- 
tigated how confidence in perceptual decisions 
varies from trial to trial (9, 10), little is known 
about the biological basis of metacognitive abil- 
ity, defined here as how well an individual’s con- 
fidence ratings discriminate correct from incorrect 
decisions over time. We hypothesized that in- 
dividual differences in metacognitive ability 
would be reflected in the anatomy of brain re- 
gions responsible for this function, in line with 
similar associations between brain anatomy and 
performance in other cognitive domains (//—/5). 

We objectively quantified variability in meta- 
cognitive sensitivity between individuals and 
then related these interindividual differences to 
brain structure measured with magnetic reso- 
nance imaging (MRI). This approach was mo- 
tivated by observations that individual differences 
in a range of skills—such as language (//), 
decision-making (/2), and memory (/3}—are 
consistently associated with variation in healthy 
brain anatomy. Our experimental design dis- 
sociated a quantitative measure of metacognitive 
accuracy, A,o. (which is specific to an individual), 
from both objective task performance and subjec- 
tive confidence (which both vary on a trial-by-trial 
basis). Earlier patient studies describe candidate 
brain regions in which damage is associated with 
poor introspective ability: in particular, a prefrontal- 
parietal network (16-18). Theories of prefrontal 


Metacognitive 
task 


2s 3.55 


500 ms 


Time 
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made using a one-to-six scale, with participants encouraged to use the whole scale 
from one = low relative confidence to six = high relative confidence. The black 
square in the rightmost panel indicates the choice made in the metacognitive task. 
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function have emphasized a role for anterior 
(rostrolateral) prefrontal cortex (PFC) in carrying 
out second-order operations on internally gen- 
erated information (/9, 20), a process necessary 
for metacognition. We hypothesized that the local 
structure of these regions (both gray-matter vol- 
ume and white-matter integrity) might reflect an 
individual’s metacognitive ability. 

We studied 32 healthy human participants 
while they made a series of visual judgements 
(21). The difficulty of the visual judgement was 
varied on a per-participant basis to keep per- 
formance at a constant level (71%), near sensory 
threshold. In addition to asking participants to 
make these objective perceptual judgements, we 
also asked them to provide ratings of confidence 
in their decisions after each trial (Fig. 1). We then 
used these ratings to determine metacognitive 
ability at an individual level through the construc- 
tion of type II receiver operating characteristic 
(ROC) curves (Fig. 2A) (2/—23). The ROC model 
provided an excellent fit to our data across par- 
ticipants (mean explained variance R* = 0.97 + 
0.023). The area between the major diagonal and 
an individual’s ROC curve is a measure of the 
ability to link confidence to perceptual perform- 
ance (A, c). We found considerable variation 
across individuals in metacognitive ability (Aroc = 
0.55 to 0.75), despite underlying task perform- 
ance being held constant (proportion correct: 70 
to 74%); furthermore, these measures were un- 
correlated (Pearson’s correlation coefficient 7 = 
—0.21, P = 0.24). To establish whether this 
variability was stable, we split data from each 
participant into two halves and computed the 
test-retest reliability of the two sets. This analysis 
revealed intraparticipant consistency in Ayoc (7 = 
0.69, P = 0.00001) (fig. S2). 

Having quantified interindividual variability 
in introspection, we then asked whether this var- 
iability in introspective judgements was predicted 
by variability in brain structure using two distinct 
measures: gray-matter volume measured from T1- 
weighted anatomical images and the fractional 
anisotropy (FA) of white matter measured from 
diffusion tensor images. Our analysis examined the 
possible relation between brain structure and four 
different measures: the metacognitive ability (Ajoc) 
of our participants, objective performance on the 
perceptual task (sensitivity, d', and criterion, c), and 
the tendency to use high or low confidence re- 
sponses on individual trials (B,..) [see supporting 
online material (SOM) methods section for de- 
tails]. Having removed the potentially confound- 
ing factors (24) of overall brain size and gender 
(as regressors of no interest), we found that an in- 
dividual’s metacognitive ability (4,..) was signif 
icantly correlated with gray-matter volume in the 
right anterior PFC (Fig. 3A) [Brodmann area (BA) 
10; peak voxel coordinates: [24, 65, 18]; tnax = 
4.8; P < 0.05, corrected for multiple compari- 
sons]. Furthermore, gray-matter volume in this re- 
gion did not correlate with task performance, as 
indexed by d’ (Fig. 3B) (r = 0.15, P = 0.42), or 
overall confidence (Byoc)( 7 = —0.023, P = 0.90). 
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Fig. 2. ROC calculation and behavioral performance. (A) Participants’ confidence ratings were used to 
construct a type Il ROC function that quantifies the ability to discriminate between correct and incorrect 
responses cumulated across levels of confidence. A,., was calculated as the shaded area between the ROC 
curve and the major diagonal (27). Mutually perpendicular dotted and solid lines represent the minor and 
major diagonals, respectively. (B) Plot of the relation between task performance (percentage correct) and 
Avoc With participants ordered by increasing A,,., value. 
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Fig. 3. Gray-matter volume correlated with introspective ability. (A) Projection of statistical (T) maps for 
positive (hot color map: red, orange, yellow) and negative (cool color map: blue) correlations with A,o< 
onto an inflated cortical surface (T1-weighted template, thresholded at 7 > 3 for display purposes). 
Significant clusters (P < 0.05, corrected for multiple comparisons) where metacognitive ability correlated 
with gray-matter volume (see SOM methods) were found in right anterior PFC (BA 10; positive correlation) 
and the left inferior temporal gyrus (negative correlation), accompanied by contralateral homologous 
clusters at P < 0.001, uncorrected. (B) Plot of gray-matter volume in the right BA 10 cluster against both 
Ajoc and d’ (see SOM methods for full details), indicating that the correlation with metacognitive ability 
was independent of task performance. a.u., arbitrary units. 


Gray-matter volume in a homologous region in 
the left anterior PFC was also correlated with 
Ayoc but did not survive correction for multiple 
comparisons across the brain volume. Details 
of this and other clusters that did not survive a 
whole-brain correction are listed in table S2. 
Thus, variability in introspective judgements of 
performance on a simple visual-detection task 
was predicted by variability in the anatomical 
structure of the anterior PFC (BA 10), indepen- 
dently of both objective performance and level 
of confidence. Finally, whereas our primary ques- 
tion addressed positive dependence of gray matter 
On A,oc, we also found that the left inferior tem- 


poral gyrus showed a negative correlation with 
metacognitive sensitivity (Fig. 3A) (coordinates: 
[-56, 30, —26]; tmax = 4.66; P < 0.05, corrected 
for multiple comparisons), accompanied by a sim- 
ilar region on the right that did not survive cor- 
rection for multiple comparisons (see table S2 for 
full details and coordinates). 

After we established that gray-matter volume 
was predictive of Ayoc, We next analyzed white- 
matter microstructure. If the structure of the an- 
terior PFC is functionally related to metacognitive 
performance, we hypothesized that white-matter 
tracts connected with this region would also 
show a similar microstructural correlation with 
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Fig. 4. White-matter 
microstructure correlated 
with introspective ability. 
(A) Statistical (T) map of 
voxelwise correlations be- 
tween FA and A,,,, thresh- 
olded at 7 > 3 for display 
purposes and overlaid on 
sagittal (left) and axial 
(right) slices of the aver- 
age FA image across parr B 


ticipants, at the x and z 130 
coordinates indicated. A 55 
region within the genu of 38 110 
the anterior corpus callosum D BS 

: D 4 
showed a correlation be- <a 90 
tween FA and metacog- za o 
nitive ability that was rs 70 
statistically significant 

0.55 


after correcting for mul- 
tiple comparisons (P < 
0.05). (B) Plot of FA in 


*ee oe 
9 ete ¢ @ 


the anterior corpus callosum cluster against both A,,. and d’, indicating that the correlation with 
metacognitive ability was independent of task performance. 


expression of this behavioral trait. In a whole- 
brain analysis of white-matter microstructure 
(21), we found that FA (a measure of white- 
matter integrity) in the genu of the corpus 
callosum was positively dependent on 4,,. (Fig. 
4) (P <0.05, corrected for multiple comparisons). 
This specific subdivision of the corpus callosum 
contains white-matter fibers connected with the 
anterior and orbital PFCs in humans (25), con- 
sistent with metacognitive ability being depen- 
dent not only on anterior prefrontal gray matter 
but also on reciprocal projections to and from this 
area. Neither objective performance (stimulus con- 
trast or a’) nor overall confidence (B,,,) correlated 
with gray-matter volume or white-matter FA 
elsewhere in the brain (P > 0.05, corrected for 
multiple comparisons; see tables S2 and S3 for 
uncorrected correlations). We note that an absence 
of structural correlations with these parameters 
may have been due to our design deliberately 
minimizing variability in both d' and B,,, to isolate 
the neural correlates of introspective ability (4,,.). 

One concern is that the structural covariation 
that we observed may have been potentially con- 
founded by differences in perceptual ability. 
Good perceptual ability may be reflected in the 
staircase procedure converging on consistently 
low values for stimulus contrast for a given in- 
dividual. Therefore, we carried out control analy- 
ses (table S4) (2/) to rule out this alternative 
explanation. These results demonstrated signifi- 
cant correlations of gray matter and FA with A,oc 
in the anterior PFC when controlling for changes 
in task parameters and an absence of correlations 
with task parameters themselves. Thus, the structure- 
behavior correlations we observed here are unlikely 
to be due to low-level differences in performance, 
but instead relate to underlying differences in in- 
dividual metacognitive ability. 

How might these regions contribute to meta- 
cognition? Anterior subdivisions of the PFC have 
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been implicated in high-level control of cognition 
(19, 20, 26, 27) and are well placed to integrate 
supramodal perceptual information with decision 
output (28), a process thought to be key for 
metacognitive sensitivity (/). Dorsolateral pre- 
frontal activity increases under conditions in 
which subjective reports match objective percep- 
tual performance (29), suggesting a computa- 
tional role in linking performance to confidence. 
Consistent with prefrontal gray-matter volume 
playing a causal role in metacognition, patients 
with lesions to the anterior PFC show deficits in 
subjective reports as compared with controls, 
after factoring out differences in objective per- 
formance (/6). Furthermore, impairing dorso- 
lateral PFC function with theta-burst transcranial 
magnetic stimulation compromises the metacog- 
nitive sensitivity of subjective reports of aware- 
ness but leaves underlying task performance intact 
(30). Together with the present work, these find- 
ings suggest a central role for anterior and dor- 
solateral PFC in metacognitive sensitivity. Our 
present findings may reflect innate differences in 
anatomy or, alternatively, may reflect the effects 
of experience and learning, as has been found in 
the sensorimotor domain (/4, /5). This raises the 
tantalizing possibility of being able to “train” meta- 
cognitive ability by harnessing underlying neural 
plasticity in the regions that we identify here (3/). 

Our main finding is a delineation of a notice- 
ably focal anatomical substrate that predicts in- 
terindividual variability in metacognitive ability. 
As with any correlational method, we cannot es- 
tablish whether the covariation we observed be- 
tween brain structure and metacognition reflects a 
causal relation. However, given a wealth of evi- 
dence for changes in gray-matter volume within 
and between individuals associated with a range of 
skills, we propose that underlying differences in 
metacognitive ability are similarly dependent on 
large-scale brain anatomy. Our data provide an ini- 


REPORTS 


tial window to the biological basis of the ability to 
link objective performance to subjective confidence. 
The demonstration that this ability may be depen- 
dent on local and phylogenetically recent prefrontal 
anatomy is consistent with a conjecture that meta- 
cognitive function has been selected for during 
evolution (32), facilitating computations that allow 
us to introspect about self-performance. 
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Biology and Physiology and the California 
NanoSystems Institute (CNSI) invite 
applications for a tenure-track faculty position 
(Assistant Professor) beginning as early as 
July 2011. Exceptional candidates will be 
considered at a higher rank. We seek applicants 
with expertise in Computational Systems 
Biology with a focus on understanding 
properties of physiological systems (see 
www.IBP.ucla.edu for more information 
and to apply). The successful candidate will 
be expected to participate in undergraduate and 
graduate teaching and to establish a vigorous 
externally funded research program. Review 
of applications will begin October 15, 2010, 
but applications received afterwards will be 
considered until the position is filled. Please 
use the following job number: 0845-1011-01 
in all correspondence. Salary is commensurate 
with experience. 


UCLA is an Equal Opportunity/Affirmative 
Action Employer. The Department and 
CNSI have a strong commitment to the 
achievement of excellence and diversity 

among its faculty, staff, and students. 
Candidates with a history of fostering 
underrepresented minorities in the sciences 
are encouraged to apply. 


Joslin Diabetes Center 

Harvard Medical School 

Immunology Research 
Type 1 Diabetes in Humans 


Joslin Diabetes Center is recruiting an inves- 
tigator in the areas of clinical or translational 
immunology research relevant to patients with 
type | diabetes. The ideal candidate will develop 
a vibrant research program. The expected ini- 
tial academic appointment at Harvard Medical 
School is Assistant Professor. Initial support 
will be a start-up package commensurate with 
the applicant’s qualifications; this should be 
supplanted over time by independent grant sup- 
port. There will be opportunities to participate 
in TrialNet. The recruit will also have opportu- 
nities to interact with immunologists at Joslin 
and throughout the Harvard Medical area, and 
is encouraged to interact with students in and 
become a faculty member of the HMS Immunol- 
ogy Program. Applicants should forward a letter 
of interest, CV, and 3 references to: 
Steven E. Shoelson, M.D., Ph.D. 
Professor of Medicine, 
Harvard Medical School 
Joslin Diabetes Center 
1 Joslin Place, Boston, MA 02215 


Harvard Medical School and the Joslin 
Diabetes Center are Equal Opportunity/ 
Affirmative Action Employers. Women and 
minorities are highly encouraged to apply. 
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THE CENTER FOR COMPARATIVE MEDICINE 
Schools of Medicine and Veterinary Medicine 
University of California, Davis 


Candidates are sought for a tenure-track position at the level of ASSISTANT 
or ASSOCIATE PROFESSOR/ASSISTANT or ASSOCIATE PROFES- 
SOR IN RESIDENCE in the Center for Comparative Medicine, a research 
center at the University of California, Davis, co-sponsored by the Schools of 
Medicine and Veterinary Medicine and a relevant Instructional and Research 
([&R) academic department. The center is engaged in investigative research 
involving animal models of human disease. We seek individuals with Ph.D., 
D.V.M and/or M.D. degrees, postdoctoral experience and a record of publication 
in high-quality journals. We are soliciting applications from candidates who 
have enthusiasm for the investigation of human infectious diseases in animal 
models and the concepts of “One Health”. Candidates are expected to have or 
to establish and maintain a strong extramurally funded research program and to 
participate in professional and graduate education in their fields. Ample office 
and laboratory space is available in the Center (including access to BSL2 and 
BSL3 laboratory space), with state-of-the art facilities, instrumentation, and 
administrative support. Center research and teaching programs interdigitate 
with other campus-wide programs and resources in the Schools of Medicine 
and Veterinary Medicine, the Mouse Biology Program, the California National 
Primate Research Center, and the Cancer Center. Faculty members will hold 
an academic appointment in the commensurate department of the School of 
Veterinary Medicine. The position will provide 0.5 salary support. Review of 
applications will commence immediately until the position is filled. Priority 
will be given to applications received by October 1, 2010. 


Submit applications with letter of interest, curriculum vitae, concise statement 
of present and future research plans, summary of teaching experience, up to 
three representative reprints, and names of four references (including addresses, 
telephone numbers and e-mail addresses) to: Recruitment Committee Chair, 
c/o Center for Comparative Medicine, University of California, Davis, 
CA 95616. 


The University of California is an Equal Opportunity/Affirmative Action 
Employer. 


Faculty Position 
Molecular Biology 
Sloan-Kettering Institute 


The Molecular Biology Program of the Sloan-Kettering Institute, 
Memorial Sloan-Kettering Cancer Center (www.ski.edu), has 
initiated a faculty search at the Assistant Member level (equivalent 
to Assistant Professor). We are interested in outstanding individuals 
who have demonstrated records of significant accomplishment and 
the potential to make substantial contributions to the biological 
sciences as independent investigators. Successful applicants will have 
research interests that move the Program into exciting new areas 
that complement and expand our existing strengths in the areas 
of maintenance of genomic integrity, regulation of the cell cycle, 
and regulation of gene expression. Faculty will be eligible to hold 
appointments in the Gerstner Sloan-Kettering Graduate School of 
Biomedical Sciences, the Weill Cornell Graduate School of Medical 
Sciences, as well as the Tri-Institutional MD/PhD Training Program. 


The deadline for applications is November 1, 2010. Interested 
candidates should visit http://facultysearch.ski.edu to access the 
on-line faculty application. Please visit the site as soon as possible, 
as it contains important information on the required application 
materials, including deadlines for submission of letters of reference. 


Informal inquiries may be sent to Julie Kwan at kwanj@mskcc.org 
or to Dr. Kenneth Marians, Chair, Molecular Biology Program at 
kmarians@sloankettering.edu. MSKCC is an equal opportunity and 
affirmative action employer committed to diversity and inclusion in 
all aspects of recruiting and employment. All qualified individuals 
are encouraged to apply. 


UMETTERIN, 
S c 
Pa 


a 


Memorial Sloan-Kettering 
Cancer Center 


SS is 
ergo  www.mskcc.org 


MEMORIAL 5, 


MAKE AN IMPACT 


Linus Pauling Distinguished Postdoctoral Fellowship 


Paclic horthvest Meteora! Laboratory in Richland, 
Veashirgt: secking the nast generation of scevtiess and 
engineers far ts 2071 Linus Pautiog Distmquished 
Postdoctoral Fellowship. Pauling Fellows eall be active y 
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Burnett School of Biomedical Sciences 
College of Medicine 


Associate Director 


Burnett School of Biomedical Sciences, College of 

Medicine seeks an Associate Director to provide 

leadership to its research enterprise. The school is 

expanding its research programs in Cancer, 

Cardiovascular and Metabolic, Neurodegenerative 

and Infectious diseases into the new 198,000 sq.ft. Burnett Biomedical 
Science Building. The school will be recruiting more than a dozen new 
faculty within the next few years. The Burnett School has over 2400 
majors and over 14,000 students are enrolled in the courses taught by the 
school faculty. The school offers MS and PhD degrees and MS/MBA 
and PhD/MBA programs. 


The Associate Director is expected to maintain a highly funded research 
program in any of the four focus areas of the school and provide leader- 
ship to the entire research enterprise and graduate programs of the 
school. The successful candidate must hold an earned doctorate in a dis- 
cipline appropriate to the school and must have a distinguished record of 
scholarly accomplishment meriting appointment with tenure at the rank 
of professor in the school. 


A leadership role in recruiting new faculty will be expected. State of the art 
research facilities including shared core instrumentation and a large trans- 
genic animal facility are available in the Burnett School. UCF the nation’s 
third largest university, ranked third in innovation and patents, is located in 
the great metropolitan area of Orlando. The Burnett Biomedical Science 
building is located in the new Health Science campus at Lake Nona that is 
home also for the new College of Medicine, Sanford-Burnham Medical 
Research Institute, Nemours Children’s Hospital and VA hospital, the begin- 
nings of an exciting major medical city in Central Florida. Further 
information is available at http://www.biomed.ucf.edu 

Please submit nominations or a CV and a 
list of at least four references to 
pk @mail.ucf.edu 

The University of Central Florida is an equal oppor- 


er “Dried ceding’ fal 
c Ma nitral tunity, equal access, and affirmative action employer. 
7 As a member of the Florida State University System, 


F lo Fr | cl cl all application materials and selection procedures 


are available for public review. 
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Ht NATIONAL INSTITUTES OF HEALTH 


Director, Division of Biomedical Technology 
National Caster for National Center for Research Resources 
eur ap idacciini oes National Institutes of Health 
OA TAD TEs Oe Pa Department of Health and Human Services 


THE POSITION: The National Center for Research Resources (NCRR) is seeking exceptional candidates for the 
position of Director, Division of Biomedical Technology. This individual will lead a program that supports research 
to discover, create, and develop innovative technologies and provides access to these technologies to the biomedical 
research community. This research is conducted through grants for technology-driven research and development, the 
biomedical informatics research network, and biomedical technology research centers. The incumbent will supervise a 
staff of eleven, including nine scientific professionals in overseeing 50 Biomedical Technology Research Center Grants 
in five broad technology areas: Imaging, Informatics, Optical and Laser Technology, Technology for Structural Biology 
and Technology for Systems Biology. At these research centers, interdisciplinary teams create unique, transformative 
technologies and work to promote their widespread use. These innovations are accomplished through a synergistic 
interaction of technical and biomedical expertise, both within the centers and through intensive collaborations with other 
leading laboratories. These research centers span basic, translational and clinical research to create tools that advance 
science at the molecular level and change scientific approaches to diagnosis and treatment of disease. Additionally, the 
Division administers the shared instrumentation program which provides institutions with the funds to purchase state of 
the art technologies, helping researchers remain at the forefront of the biology and medicine. Lastly, the Division sup- 
ports biomedical researchers through investigator-initiated research projects or large collaborative research projectswith 
other NIH organizations and/or Federal agencies. 


The NCRR provides laboratory scientists and clinical researchers with the environments and tools they need to under- 
stand, detect, treat, and prevent a wide range of diseases. www.ncrr.nih.gov This support enables discoveries that begin 
at a molecular and cellular level, move to animal-based studies, and then are translated to patient-oriented clinical 
research, resulting in cures and treatments for both common and rare diseases. This position offers a unique and exciting 
opportunity for an extremely capable individual to share responsibility in providing strong and visionary leadership to 
an organization dedicated to enhancing our understanding of health and disease, translating basic research into medical 
care, and improving human health. 


QUALIFICATIONS REQUIRED: Applicants must possess a Ph.D., or equivalent degree, as well as senior-level 
research experience or knowledge of research programs moving research from the basic laboratory sciences into clini- 
cal research. Candidates should be outstanding communicators and known and respected as distinguished individuals 
of outstanding competence. Applicants should also demonstrate the ability to think strategically, work collaboratively, 
and use a consultative approach to problem solving and decision making. 


SALARY/BENEFITS/OTHER INFORMATION: Salary is commensurate with experience and a full package of 
Civil Service benefits is available, including: retirement, health and life insurance, long term care insurance, leave and 
savings plan (401K equivalent). The National Institutes of Health inspires public confidence in science by maintaining 
high ethical principles. In addition to the Federal government’s code of ethics, we have our own agency specific stan- 
dards which are described at the NIH Ethics web site. http://ethics.od.nih.gov/overview.htm This position is subject to 
a background investigation. 


HOW TO APPLY: A Curriculum Vitae, Bibliography, and two letters of recommendation must be received by November 
16, 2010. Application packages should be sent to the National Institutes of Health, National Center for Research 
Resources, ATTN: Sabrina Posley, 6701 Democracy Boulevard, Suite 206, Bethesda, Maryland 20892 or email 
at sposley@mail.nih.gov. 


For further information, please call (301) 435-0717. All information provided by candidates will remain confidential 
and will not be released outside the NCRR search process without a signed release from candidates. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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Science Careers 


Founded in 1911, The University of Hong Kong is committed to the highest international standards 
of excellence in teaching and research, and has been at the international forefront of academic 
scholarship for many years. The University has a comprehensive range of study programmes and 
research disciplines spread across 10 faculties and about 100 sub-divisions of studies and learning. 
There are over 23,400 undergraduate and postgraduate students coming from 50 countries, and 
more than 1,200 members of academic and academic-related staff. 


Tenure-track Assistant Professor in the Department of Chemistry 
(Ref.: 20100528) 


Applications are invited for tenure track appointment as Assistant Professor in the Department of 
Chemistry, from July 1, 2011 or as soon as possible thereafter. The post will initially be made on a 
three-year term with the possibility of renewal upon mutual agreement. Appointment with tenure 
will be considered during the second three-year contract. 


Applicants should possess a Ph.D. degree with a strong background and research record in any discipline 
of chemistry. Candidates with research interests that can contribute to the broadly defined areas of 
Analytical/Physical Chemistry, Chemical Biology and Materials Science are especially encouraged to 
apply. The appointee is expected to develop a vigorous and independent research program and excel 
in both undergraduate and postgraduate teaching. A suitable start-up fund for research will be provided. 
Information about the Department can be obtained at http://chem.hku.hk. 


ju 
Annual salary for Assistant Professorship will be in the range of HK$477,360 - 737,700 (subject 
O review from time to time at the entire discretion of the University) (approximately USS! = HK$7.8),. 
A highly competitive salary commensurate with qualifications and experience will be offered. At 
current rates, salaries tax does not exceed 15% of gross income. The appointment will attract 
a contract-end gratuity and University contribution to a retirement benefits scheme, totalling up 
0 15% of basic salary, as well as leave, and medical/dental benefits. Housing benefits will be 
provided as applicable. 


Interested candidates should send a completed application form together with a C.V. anda research 
proposal to the Assistant Registrar (Appointments), Human Resource Section, Registry, The University 
of Hong Kong, Hong Kong. Further particulars and application forms (152/708) can be obtained 
at http:/Awww.hku.hk/apptunit/; or from the Appointments Unit (Senior), Human Resource Section, 
Registry, The University of Hong Kong, Hong Kong (fax: (852) 2540 6735 or 2559 2058; e-mail: 
senrappt@hku.hk). Closes December 15, 2010. Candidates who are not contacted within 3 months 
of the closing date may consider their applications unsuccessful. 


The University is an equal opportunity employer and is committed to a No-Smoking Policy 


BIG DREAMS. B OLD FU TU RE, 


Department of Molecular Pharmacology and Physiology 


The University of South Florida Health (USF Health) College of Medicine seeks an 
outstanding scientist and an academic leader for the position of Chair, Department of 
Molecular Pharmacology and Physiology. The department is comprised of 22 faculty 
members with research strengths in cell signaling networks, cardiovascular biology, and 
the neurosciences. Information about the Department can be obtained by visiting: 
http://health.usf.edu/medicine/mpp 


USF Health consists of the colleges of Medicine, Nursing, and Public Health and the schools 
of Biomedical Sciences, Physical Therapy & Rehabilitation Sciences, and a recently 
approved School of Pharmacy. In partnership with its affiliated hospitals, USF Health’s 
research funding last year was $232 million. It has strong affiliations with H. Lee Moffitt 
Cancer Center, the Tampa General Hospital, the All Children’s Hospital, the Shriner’s 
Hospital for Children, and the James A. Haley and Bay Pines VA Medical Centers. 


Qualifications and Requirements: PhD, MD, or MD/PhD; NIH funded investigator with a 
sustained record of NIH funding; Rank of Professor or is currently being considered for 
promotion to the rank of Professor; Distinguished record of scholarly activity as evidenced 
by publications in high impact journals; National and international reputation in his/her 
discipline as evidenced by the service on NIH study panels and editorial boards; 
Demonstrated outstanding leadership skills, is a team player, and a change agent; 
Demonstrated experience in building interdisciplinary programs; Demonstrated commitment 
to the development and mentoring of faculty, staff, and students; Strong commitment to 
quality medical and graduate education; Demonstrated success in a leadership position. 
Submission of Application/Nomination: For full consideration, please submit your 
application and/or nomination materials by October 1, 2010. The following should be 
submitted to Ms. Christine Tam (ctam@health.usf.edu) by email for consideration: 
Letter summarizing your qualifications and leadership philosophy; Statement about your 
future research plans; Curriculum Vitae; Names and contact information of five 
professional references (References will not be contacted until the advanced stages of 
screening). Robert J. Deschenes, PhD, Chair, MPP Search Committee, 
rdeschen@health.usf.edu 

USF Health is committed to increasing its diversity and will give 
individual consideration to qualified applicants for this position with 


experience in ethnically diverse settings, who possess varied 
language skills, or who have a record of research that support 
diverse communities or teaching a diverse student population. The 
University of South Florida is an EO/EA/AA Employer. For 


disability accommodations, contact Dana Cole at (813) 974-8320 a 
minimum of five working days in advance. According to FL law, 


applications and meetings regarding them are open to the public. H E A L T H 


www.westernu.edu 


Faculty Positions in Anatomy available for 2011 
College of Osteopathic Medicine of the Pacific/Northwest Lebanon, Oregon 


Western University of Health Sciences, a thriving center for human health care and veterinary 
medicine education is opening a new site for the College of Osteopathic Medicine of the Pacific — 
Northwest (COMP-NW) in Lebanon, Oregon with the inaugural class beginning in Fall, 2011. The 
University’s 10 year plan and core values have propelled the Institution to be a benchmark University 
for the development of inter-professional and graduate medical education. The University values 
a diverse institutional community and is committed to excellence in its faculty, staff and students. 
Western University seeks applicants of distinguished academic accomplishments who possess a 
passion for excellence and can illustrate a proven track record of achievements. 


The Department of Anatomy provides the preclinical education in gross anatomy, histology, 
Neuroanatomy, and embryology for the College of Osteopathic Medicine, and invites applications 
from highly motivated individuals for tenure-track faculty positions in anatomy. These are full-time, 
12-month, tenure-track positions at the Assistant Professor/Associate Professor/Professor rank. 
Successful candidates and faculty will be located at the new site on the COMP-NW campus. 
Applicants must have a Ph.D. in anatomy or equivalent field and at least 2 years of postdoctoral 
experience. Preference will be given to master educators who have demonstrated excellence in 
teaching with significant scholarly activity and/or those with a history of extramural funding and 
a strong potential to obtain further grant support for their research program. Submit a current 
curriculum vitae and a cover letter describing your teaching experience and philosophy, your 
research activity and goals, and how you meet the qualifications for the position. Please include 
contact information for at least three references. These positions will remain open until filled. 


James F. May, PhD 
Professor and Chair 
Department of Anatomy 
College of Osteopathic Medicine of the Pacific 
Western University of Health Sciences 
309 E. Second Street, Pomona, CA 91766-1854 
Email Address: jfmay@westernu.edu 
www.westernu.edu 


Western University of Health Sciences is an equal opportunity employer. 


NEUROSCIENTIST 


The Neuroscience Graduate Program, Department of Neurology and 
Ernest Gallo Clinic & Research Center at the University of California San 
Francisco seeks an outstanding neuroscientist to fill a faculty position at 
the Assistant or Associate Professor level. Applicants will be expected 
to develop and maintain an independent research program in the area 
of addiction and/or co-morbid neuropsychiatric disorders. Experience in 
vitro electrophysiology is required and an approach combining multiple 
techniques or levels of analysis is encouraged. The successful applicant 
will also demonstrate a high level of productivity, strong communication 
and interpersonal skills, and a commitment to work collaboratively with 
other members of the Gallo Center. Preference will be given to those 
with a track record in the area of alcohol and substance abuse research. 
An excellent start-up package and research support will be available to 
the successful candidate. 


Screening of applicants will begin September 15, 2010, and will 
continue until the position is filled. The application must include a cover 
letter, curriculum vitae, a 2-5 page summary of research interests and 
goals, and names and contact information (including e-mail addresses) 
for three references. UCSF seeks candidates whose experience, teaching, 
research, or community service has prepared them to contribute to our 
commitment to diversity and excellence. 


UCSF is an Equal Opportunity/Affirmative Action Employer. The University 
undertakes affirmative action to assure equal employment opportunity for 
underrepresented minorities and women, for persons with disabilities, and for 
covered veterans. All qualified applicants are encouraged to apply, including 
minorities and women. 


Send application materials to: 
zumwaltm@neurology.ucsf.edu 


Neuroscience Search Committee, 
Ernest Gallo Clinic & Research Center 
5858 Horton St., Suite 200 
Emeryville, CA 94608 


www.galloresearch.org 


The Novo Nordisk Foundation 
Center for Protein Research 


The Novo Nordisk Foundation Center for Protein 
Research, located in central Copenhagen, has 
been established to promote basic research on 
human proteins of medical relevance; with the 
explicit goal to be among the leading laboratories 
within our focus areas. The Center operates from 
a significant donation from the Novo Nordisk 
Foundation, www.novonordiskfonden.dk/en, as 
well as other external funding sources. In addition, 
the University of Copenhagen has made major 
contributions towards the building of the new 
Center laboratories, which were opened during 
2009. The Center is an integral part of the Faculty 
of Health Sciences, University of Copenhagen, 
www.ku.dk/english, and has a highly international 
and dynamic environment. 


The Center comprises a wide range of expertise 
and resources in protein production, chemical 
biology, disease systems biology and mass 
spectrometry based proteomics as well as having 
dedicated research groups focused on ubiquitin 
modified signaling and molecular endocrinology. 
We are prioritizing basic research but are also 
open to translational research opportunities within 
medicine with the aim of generating research 
results useful to facilitate drug discovery and 
development. 


The Center management team consists of Dr. 
Michael Sundstrém (Managing Director), Professor 
Matthias Mann (Research Director, Proteomics) 
and Professor Soren Brunak (Research Director, 
Disease Systems Biology). 


Group Leader in Disease Biology 


We are now seeking an excellent and internationally renowned scientist to strengthen our 
research capabilities — preferably focused on cancer signaling — but also other areas in 
Disease Biology could be of interest. The successful candidate will establish a research group 
at the Center, carrying out independent research of highest scientific impact and standard 

as well as work with us on integrated collaborative projects. It is anticipated that the Group 
Leader should have the capability to attract significant additional external funding, to 
complement the Center contribution. 


You should have an excellent track-record, international reputation and documented abilities. 
Our goal is to maintain our highly integrated research environment; thus collaborative interest is 
essential. In addition, your vision on how the unique environment and resources at the Center will 
complement your research is of particular interest to us. 


The Group Leader will receive excellent resources and support from the Center, consisting of: 

¢ 2-4 million USD (depending on qualifications) in research support, to be spent until the end of 2012 
e Additional core funding from 2013, depending on progress and performance 

State of the art facilities and dedicated laboratory and office space 

¢ Laboratory, IT, budget & administrative support are also covered by the Center 

¢ An international environment, with scientists at the highest international level 


Are you interested in becoming a Group Leader at the Center? 

Please forward a letter of interest, including a brief CV/biography as well as a summary of planned 
future research to contact@cpr.ku.dk preferably before 1 December 2010. Additional information on 
the Center is found at www.cpr.ku.dk; or contact michael.sundstrom@cpr.ku.dk. 
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Marine Alliance for Science and Technology for Scotland 
Graduate School 


Seven Prize PhD Studentships 


plus other funded PhD places in marine science across Scotland 


The Marine Alliance for Science and Technology for Scotland (MASTS) Graduate School offers a unique environment for the training and development 
of the next generation of marine scientists in institutions across Scotland. Competition is open to graduates of higher education or those in their final year 
of a Bachelors or Masters programme. 


The work of MASTS will cover nine distinct Joint Research Themes, each concerned with a key component in understanding our marine environment 
including. 


MASTS Prize Studentships 
MASTS is offering seven funded PhD studentships for students from the UK and overseas. These prestigious, competitive awards are intended to attract 
the brightest students from around the world. 


MASTS Prize Students will be registered for a PhD with any suitable qualified member of staff at one or more of the participating universities, but the 
research may be undertaken within any of the partner institutions: 


¢ Edinburgh Napier University 

¢ Heriot-Watt University 

¢ Marine Scotland (Science) 

¢ Scottish Association for Marine Science (UHI) 
¢ University Marine Biological Station Millport 


¢ University of Aberdeen 

* University of Glasgow 

¢ University of St. Andrews 
¢ University of Stirling 

¢ University of Strathclyde 


The MASTS Graduate School will provide the focus for training, drawing on world-leading experts from across the MASTS partner institutions. They 
will provide access to masters courses, dedicated seminars on specialised topics, lectures by distinguished visitors, annual summer schools and access to 
equipment and facilities from across the partnership. 


Information on the nine MASTS Joint Research Themes and guidance to applicants may be found at www.masts.ac.uk. 


Full applications and references must be submitted at www.masts.ac.uk by 13 December 2010. 


Further Funded PhD places in Scotland 
Applicants for the ten MASTS Prize studentships may also be considered for the other marine science studentships available within Scotland. 
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UAIVEREITY OF 
“OXFORD 
University Lecturer in 
Evolutionary Biology 
Mathematical, Physical and Life Sciences 


Division, Department of Zoology in 
association with Magdalen College 


Wwww.ox.ac.uk/jobs 


Associated with a Tutorial Fellowship at Magdalen College, under 
arrangements described in the further particulars, this post is 
effective from 1 January 2011 or as soon as possible thereafter. 
The combined University and College salary will be on a scale up 
to £57,201 per annum, and an additional College housing allowance 
of £10,250 per annum is available if the successful candidate 
chooses not to reside in College. Other allowances are detailed in 
the further particulars. 


You will be expected to lead a research programme and group 
in Evolutionary Biology, give undergraduate lectures and tutorials, 
supervise graduate students, and carry out examining and 
administrative duties in the Department and the College. Preferably, 
you will have a strong background in Evolutionary Biology. 


Further particulars, containing details of the application procedure 
and of the duties, may be obtained from paul.harvey@zoo.ox.ac.uk 
or by visiting http://www.zoo.ox.ac.uk/jobs The closing date for 
applications is noon on 25 October 2010. 


Applications are particularly welcome from women and black and 
minority ethnic candidates, who are under-represented in academic 
posts in Oxford. 


Committed to equality and valuing diversity 


The University of Texas 
at Austin 


Stem Cell Biology Position 
The Institute for Cellular and Molecular Biology 


The Institute for Cellular and Molecular Biology, Alan Lambowitz, 
Director, invites applications for a tenure-track/tenured position in 
Stem Cell Biology. Academic appointments at the level of Assistant, 
Associate, or Full Professor will be in the Section of Molecular Cell and 
Developmental Biology. 


Candidates should have an outstanding record of research 
productivity and a research plan based on molecular mechanisms in 
any area of Stem Cell Biology. Building on a strong existing faculty, the 
Institute has recruited more than 50 new faculty members over the past 
ten years. In addition to its highly interactive and interdisciplinary 
research environment, the Institute provides administrative and 
financial support for the Graduate Programs in Cell and Molecular 
Biology, Microbiology, and Biochemistry, as well as state-of-the art core 
facilities including DNA and next-gen sequencing, mass spectrometry, 
electron and confocal microscopy, DNA microarrays, robotics, and 
mouse genetic engineering. An MD-PhD program with the UT Medical 
Branch and UT-Austin’s new Dell Pediatrics Research Institute 
enhance the environment for Biomedical Research. 


Austin is located in the Texas hill country and is widely recognized as 
one of America’s most beautiful and livable cities. 


Applications received before November 1, 2010 will receive first 
consideration, but applications will be accepted until the position is 
filled. Please send a single PDF file containing your curriculum vitae, 
summary of research interests and names of three references to: 
MCDB_stem_cell@biosci.utexas.edu. References may also send their 
letters directly to the same email address. 


Homepages ¢ http://www.biosci.utexas.edu/MCDB/ ¢ http://www.icmb.utexas.edu/ 


The University of Texas at Austin is an Equal Opportunity Employer. 
Qualified women and minorities are encouraged to apply; a background 
check will be conducted on applicant selected. 


VANDERBILT 47 School of Medicine 


CHAIR 
Department of Cell and Developmental Biology 


Vanderbilt University School of Medicine is actively searching for a new 
Chair for the Department of Cell and Developmental Biology to succeed Dr. 
Susan Wente. Dr. Wente, who served as Chair for seven years, has recently 
vacated the position to become Associate Vice Chancellor for Research. 
This is an outstanding opportunity for a visionary new department chair to 
guide a significant research expansion within an existing base of excellence 
in the Department of Cell and Developmental Biology. 


We seek outstanding candidates with Ph.D., M.D., or M.D./Ph.D. degrees 
that have a demonstrated track record of seminal research accomplishments 
coupled with outstanding interpersonal skills and leadership ability. The 
ideal candidate should be able to articulate a compelling vision for the 
future of research in the field, and a commitment to graduate education. 
Vanderbilt University School of Medicine is committed to providing the 
resources needed to execute on that vision. 


Review of applications is effective immediately, and the position will 
remain open until filled. Applicants should submit a cover letter describing 
their interest along with a full curriculum vitae and names and addresses 
of three references to: 
Roger D. Cone, Ph.D. 
Chair, Cell and Developmental Biology Search Committee 
c/o Committee Assistant 
Vanderbilt University School of Medicine 
702 Light Hall 
Nashville, TN 37232-0260 
Telephone: 615-936-7085 
Fax: 615-343-4075 
E-mail: roger.cone@vanderbilt.edu 


Vanderbilt University is an 
Equal Opportunity/Affirmative Action Employer. 


ASSISTANT PROFESSOR 
MOLECULAR BIOLOGY AND BIOCHEMISTRY 
RUTGERS UNIVERSITY 


The Department of Molecular Biology and Biochemistry at 
Rutgers, The State University of New Jersey, New Brunswick 
(Busch Campus), invites applicants for a tenure-track Assistant 
Professor position. The position requires a Ph.D. degree or 
equivalent and involves teaching and research in Molecular 
Biology. The Department is especially interested in applicants who 
use biochemical or molecular approaches for research in functional 
genomics, epigenetics, chromatin structure and function, and control 
of growth and differentiation but outstanding researchers in other 
areas will be considered. The Department is an important part of 
the expanding program in molecular biology within the Division of 
Life Sciences on the Busch Campus, where the Center for Advanced 
Biotechnology and Medicine, the Waksman Institute and the Robert 
Wood Johnson Medical School are also located. We have strong 
consolidated, interdepartmental graduate programs in molecular 
biosciences. The position is highly competitive with regard to 
startup funds, laboratory space and salary. 


Please send by e-mail a curriculum vitae, summary of research 
activities, a research plan, and have three letters of recommendation 
sent by December 1, 2010, to: Dr. Vincenzo Pirrotta, Chair, c/o 
Barbara Nowakowski, barbara@cabm.rutgers.edu, Department 
of Molecular Biology and Biochemistry, Rutgers University, 
Nelson Laboratories, 604 Allison Road, Piscataway, NJ 08854. 


Rutgers University is an Equal Opportunity/Affirmative Action 
Employer. Women and minority candidates are 
encouraged to apply. 


UT SOUTHWESTERN MEDICAL CENTER AT DALLAS 


ENDOWED SCHOLARS PROGRAM IN MEDICAL SCIENCE 


Unique and highly competitive, THE ENDOWED SCHOLARS PROGRAM IN MEDICAL SCIENCE is designed to launch the next 
generation’s scientific leaders on their biomedical research careers by providing seed money, research space and startup 
support for groundbreaking projects. The Endowed Scholars Program gives early-career investigators the chance to take 
risks, supported by the mentoring of experienced and highly distinguished established researchers at The University of Texas 
Southwestern Medical Center at Dallas. 


As one of the foremost research institutions in the world, UT Southwestern, with four Nobel Prizes awarded to its 
faculty since 1985 and 18 members of the National Academy of Sciences, is poised to lead the way in a new era of 
scientific discovery in the 21st century. We conduct more than 3,500 research projects annually totaling more than 
$400 million. Endowed Scholars have access to exceptional core facilities, which include DNA microarray services; 
electron microscopy; live-cell imaging; mouse gene knockouts, transgenesis and metabolic phenotyping; high- 
throughput chemical screening; and structural biology. UT Southwestern also is home to one of the nation’s first 7-Tesla magnetic 
resonance imaging devices for human studies. UT Southwestern has a vibrant graduate school and nearly 4,400 medical, graduate 
and health professions students, residents and postdoctoral fellows. 


The Endowed Scholars Program, which is fully funded from private endowment, provides more than $1,000,000 over four years 
to support the independent research activities, salary and benefits of each scholar. Up to five new scholars are selected each 

year from top universities, institutions and laboratories around the world. Each scholar is appointed as a tenure-track assistant 
professor in a UT Southwestern academic department or research center. Positions in both basic science and clinical departments are available. 


Potential scholars submit nomination materials to a chair or director of one of UT Southwestern’s basic or clinical academic departments or re- 
search centers. Those chairs or directors then forward finalists’ materials for consideration to the medical center’s Endowed Scholars Committee. 


For detailed information about nomination materials and currently available positions, 


please visit our Web page: utsouthwestern.edu/utsw/home/scholars wl SOUTHWESTERN 


Applications from women and underrepresented minority candidates are strongly encouraged. MEDICAL CENTER 
UT Southwestern is an equal opportunity institution. 


UNIVERSITY OF MICHIGAN 


BIOLOGICAL SCIENCES SCHOLARS PROGRAM 
For Junior, Tenure-Track Faculty 


The University of Michigan announces recruitment for the Biological Sciences Scholars Program (BSSP) to 
continue to enhance its investigational strengths in the life sciences research programs. 


Now entering its 14th year, this Program has led to the recruitment of outstanding young scientists in the 
areas of genetics, microbiology, immunology, virology, structural biology, pharmacology, biochemistry, 
molecular pharmacology, stem cell biology, cancer biology, physiology, cell and developmental biology, and 
the neurosciences. The Program seeks individuals with PhD, MD, or MD/PhD degrees, at least two years 
of postdoctoral research experience, and evidence of superlative scientific accomplishment and scholarly 
promise. Successful candidates will be expected to establish a vigorous, externally-funded research 
program, and to become leaders in departmental and program activities, including teaching at the medical, 
graduate, and/or undergraduate levels. Primary college and department affiliation will be determined 
by the applicant’s qualifications and by relevance of the applicant's research program to departmental 
initiatives and focus. All faculty recruited via the BSSP will be appointed at the Assistant Professor level. 


APPLICATION INSTRUCTIONS: Please apply to the Scholars Program through the BSSP website at: 
(http://www.med.umich.edu/medschool/research/bssp/). A curriculum vitae (including bibliography), a three- 
page research plan, an NIH biosketch, and three original letters of support should all be submitted through the BSSP 
website. More information about the Scholars Program, instructions for applicants and those submitting letters of 
recommendation, and how to contact us is located on the BSSP web site: (http://www.med.umich.edu/medschool/ 
research/bssp/). The deadline for applications is Friday, October 29, 2010. 


The University of Michigan is an Affirmative Action/Equal Opportunity Employer. 
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ASSISTANT AND ASSOCIATE PROFESSORS 
THE DEPARTMENT OF EXPERIMENTAL 
RADIATION ONCOLOGY 


The Department of Experimental Radiation Oncology at The University of 
Texas M. D. Anderson Cancer Center invites applications from researchers 
using approaches ranging from genetics, cell biology and biochemistry to 
proteomics and system biology for tenure-track Assistant and Associate 
Professor positions. The department seeks to complement its existing 
programs in DNA repair, cell cycle control, growth and proliferation, stem 
cell biology and epigenetics, especially related to DNA damage response 
and therapy. Female and minority candidates are encouraged to apply. We 
offer a very attractive recruitment package, active graduate and post- 
doctoral training programs, and the unmatched scientific environment of the 
Texas Medical Center, the world’s largest biomedical center. Applicants 
must have a Ph.D. and/or M.D. degree, and will be expected to develop an 
internationally recognized, extramurally funded research program. To apply, 
please send within a single pdf file: (1) Cover Letter; (2) Curriculum Vitae; (3) 
Short Research Summary (three page maximum); and (4) Contact information 
for three references by December 15, 2010, to: expradonc@mdanderson.org 


Junjie Chen, Ph.D. 
Professor and Chair 
Experimental Radiation Oncology 
The University of Texas M. D. Anderson Cancer Center 
1515 Holcombe Blvd., Unit 66, Houston, TX 77030 


THE UNIVERSITY OF TEXAS 


MDAnderson 
fercer Center 


Making Cancer History* 


M. D. Anderson Cancer Center is an equal opportunity employer and does not 


discriminate on the basis of race, color, national origin, gender, sexual orientation, 
age, religion, disability or veteran status except where such distinction is required 

by law. All positions at The University of Texas M. D. Anderson Cancer Center 
are security sensitive and subject to examination of criminal history record 
information. Smoke-free and drug-free environment. 
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KENTUCKY 
BIOCHEMISTRY FACULTY POSITION 


The Department of Molecular and Cellular Biochemistry invites applications 
for a tenure track faculty position at the Assistant Professor level. The suc- 
cessful candidate must possess a Ph.D., M.D., or equivalent degree and have 
an active research program using structural methods to address questions of 
biomedical relevance. We are particularly interested in candidates that use 
X-ray crystallography as their major technique and whose research interests 
complement existing departmental programs including, but not limited to the 
areas of diabetes, cardiovascular disease, neuroscience, and cancer. Preference 
will be given to candidates with a record of scholarly achievement in membrane 
protein structural biology. 


The successful candidate will benefit from a stimulating and collaborative envi- 
ronment within the department and a strong graduate program. Competitive 
startup funds and salary as well as access to state-of-the-art facilities including 
in-house X-ray crystallography equipment, access to the SER-CAT beamline at 
the Advanced Photon Source in Chicago and appropriate space will be offered 
in a new 185,000 ft? research building. 


Evaluation of applicants will begin October 2010. Interested applicants should 
visit http://medicine.mc.uky.edu/biochemreference/ to access the online 
faculty application. Required application materials include a curriculum vitae, 
a description of your current and future research program, and three letters of 


reference. Inquires may also be sent to MCBX | 
see blue. 


Faculty Search Committee 
fT Cewek 


at biochem@uky.edu or call 859-323-5549. 


For further information about the Department, UNIVERSITY OF KENTUCKY 
visit: www.mc.uky.edu/biochemistry. . 


The University of Kentucky is an equal opportunity employer 
and encourages applications from minorities and women 


STANFORD 


UNIVERSITY 


STANFORD UNIVERSITY 
DEPARTMENT OF CHEMICAL 
AND SYSTEMS BIOLOGY 


The Department of Chemical and Systems Biology at Stanford University 
School of Medicine invites applications for two tenure-track positions 
at the ASSISTANT PROFESSOR level. We are particularly interested 
in candidates with a strong interdisciplinary record in the broad areas 
of chemical biology, systems biology, and/or cellular and molecular 
biology in normal and disease states. Stanford offers an outstanding 
environment for creative interdisciplinary biomedical research. The main 
criterion for appointment in the University Tenure Line is excellence 
in research and teaching. 


Candidates should have a Ph.D. and/or M.D. degree and postdoctoral 
research experience. Candidates should send curriculum vitae, a 
description of future research plans and the names and addresses of 
three potential referees by November 1, 2010 to: 


James Ferrell, Professor and Chair 
c/o Jean Kavanagh, FAA 
Department of Chemical and Systems Biology 
269 Campus Drive, CCSR Bldg Room 4145A 
Stanford University School of Medicine 
Stanford CA 94305-5174 


Stanford University is an Equal Opportunity Employer and is 
committed to increasing the diversity of its faculty. It welcomes 
nominations of and applicants from women and minority groups, 
as well as others who would bring additional dimensions to the 
university 5 research, teaching, and clinical missions. 


ASSISTANT PROFESSOR: The 
Department of Biochemistry and Cel- 
lular and Molecular Biology (BCMB) at 


ime INIVERSET Yat 


TENNES ESSEE | 


EMOMVILLE the University of Tennessee, Knoxville 
seeks to fill a tenure-track faculty position at the assistant professor level to 
begin August 1, 2011, in the following area: 


EXPERIMENTAL PHYSICAL BIOCHEMIST 


Working in the area of nucleic acids or membranes. The successful applicant 
will be expected to develop a first-class, externally funded research program, to 
provide state-of-the-art training for graduate students and postdoctoral research- 
ers, and to contribute to the teaching mission of the BCMB department at 
both the undergraduate and graduate levels. Required qualifications include 
a Ph.D. and postdoctoral experience in experimental molecular biophysics of 
nucleic acids, membranes, nucleic acid-protein or membrane-protein interac- 
tions, evidence of significant scientific productivity, and a commitment to an 
integrated program of teaching and research. Current research strengths of 
BCMB relevant to this search include Computational and Molecular Biophys- 
ics and Structural Biology. BCMB also has strength in Cell Biology, Genetics, 
Plant Biology, and Neurobiology. The successful candidate will benefit from 
interactions with strong research groups within UTK, access to supercomput- 
ing facilities (Kraken) and Computational and Physical Sciences programs at 
Oak Ridge National Laboratories (ORNL), which houses the new Spallation 
Neutron Source. 


The University welcomes and honors people of all races, creeds, cultures, and 
sexual orientations, and values intellectual curiosity, pursuit of knowledge, and 
academic freedom and integrity. Interested candidates should send a cover letter, 
a resume, a description of research experience and of the proposed research 
program, and arrange for three letters of reference to be sent to: Engin Serpersu, 
Chair, Faculty Search Committee, BCMB Department, M407 WLS, Uni- 
versity of Tennessee, Knoxville, TN 37996-0840. Review of applications will 
begin on October 1, 2010, and will continue until the position is filled. 


The University of Tennessee is an EEO/AA/Title VI/Title IX/Section 504/ 
ADA/ADEA institution in the provision of its education and employment 
programs and services. All qualified applicants will receive equal 
consideration for employment without regard to race, color, national origin, 
religion, sex, pregnancy, marital status, sexual orientation, age, physical or 
mental disability, or covered veteran status. 


Inn 


TEMPLE UNIVERSITY 
Department of Biology 


Assistant/Associate/Full Professor Positions 
Neurobiology 
Molecular/Cellular/Integrative Biology 
Computational Biology 


As part of a significant ongoing expansion, after the addition of 
eight faculty members in the past three years, the Department of 
Biology at Temple University (http://www.temple.edu/biology/) 
invites applications for tenure track/tenured positions, at (1) the 
Assistant/Associate/Full Professor levels in the areas of Neurobi- 
ology, and Molecular/Cellular/Integrative Biology, and at (2) the 
Assistant Professor level in Computational Biology. Outstanding 
candidates in related areas also will be given full consideration. 
Candidates at the Assistant Professor level are expected to estab- 
lish a vigorous, externally funded research program, while can- 
didates for the senior positions are expected to bring productive, 
well-funded research programs. Candidates should submit their 
materials online at http://bio.cst.temple.edu/search. Review of 
applications will begin immediately, and will continue until the 
positions are filled. 


Temple University is an Equal Opportunity, Equal Access, 
Affirmative Action Employer committed to achieving a diverse 
community (AA, EOE, m/f/d/v). 


The Departments of Microbiology and Chemical and- 
Biomolecular Engineering at The Ohio State University 
invite applications for an Assistant or Associate Profes- 
sor whose research focuses on Environmental Microbiol- 
ogy and Bioenergy. We seek a Molecular Microbiolo- 
gist whose research will be directed towards molecular 
characterization of physiological processes used by 
microorganisms to produce biofuels. Research approaches are expected 
to include efforts in metabolic engineering and systems biology/synthetic 
biology. This individual will join a vibrant community that includes, in 
addition to nearly 50 faculty members in the Microbiology (http://www. 
microbiology.osu.edu) and CBE (http://www.chbmeng.ohio-state.edu/) 
departments, researchers at the Institute for Energy and the Environment 
(http://iee.osu.edu/), the Center for Energy, Sustainability, and the Envi- 
ronment (http://oaa.osu.edu/documents/CSEproposal.pdf), and Battelle 
Memorial Institute (http://www.battelle.org/). This hire will interface 
with a new ARPA-E funded initiative, which represents a collaboration 
of faculty in Microbiology and CBE with Battelle Memorial Institute. The 
ideal arrangement will be a 70% appointment in Microbiology and 30% 
appointment in Chemical and Biomolecular Engineering. 


Applicants must have a Ph.D. or equivalent degree and relevant postdoc- 
toral research experience. The successful candidate will be expected to 
establish and maintain an extramurally funded research program and to 
actively support our strong commitment to excellence in teaching at both 
the undergraduate and graduate levels. Applications will be accepted until 
the position is filled, but priority will be given to applications received by 
October 31, 2010. Application materials, including a letter of intent, cur- 
riculum vitae, statement of research and teaching interests, and three letters 
of recommendation should be sent by e-mail to: micro.grad@osu.edu. 


Additional questions about this search should be directed to Dr. F. Robert 
Tabita, Chair of the Search Committee (tabita.1@osu.edu) 


To build a diverse workforce The Ohio State University encourages 
applications from minorities, veterans, women and individuals with 
disabilities. Flexible work options are available. Ohio State is an NSF 
ADVANCE Institution. EEO/AA Employer. 


Helen L. and Martin S. Kimmel Center 
for Biology and Medicine at the Skirball 
Institute of Biomolecular Medicine 


Langone Medical Center 


FACULTY POSITION 


The Helen L. and Martin S. Kimmel Center for Biology 
and Medicine at the Skirball Institute of Biomolecular 
Medicine, NYU Langone Medical Center, invites 
applications for tenure-track positions at the assistant 
professor level. We seek applicants with an outstanding 
record of achievement to join the faculty in the 
Structural Biology Program at the Skirball Institute. 
Special priority will be given to applicants who employ 
X-ray crystallography, electron microscopy or single- 
molecule techniques to address important mechanistic 
questions. 


The NYU Langone Medical Center offers excellent 
resources to support new faculty, including 
generous start-up packages and core facilities for 
protein expression, X-ray crystallography, electron 
microscopy, imaging and proteomics. Successful 
candidates are expected to initiate and maintain 
vigorous independent research programs that will 
enrich and be enriched by the highly collaborative 
environment at the Skirball Institute and throughout 
the NYU research community. 


This is an electronic application process only. Please 
create your application packet by formatting it as 
a single PDF document. Use the following page 
order: 1) cover letter, 2) curriculum vitae, 3) research 
statement, 4) one recent publication. 


Email the application packet to SBsearch@med.nyu.edu 
by December Ist, 2010. Three letters of reference 
should be sent independently to SBsearch@med.nyu.edu. 


New York University was founded in 1841 and is an 
equal opportunity affirmative action employer. Women 


and minority candidates are encouraged to apply. 


Skirball Institute of Biomolecular Medicine 


http://skirball.med.nyu.edu 
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| _ POSITIONS OPEN 
PENN STATE 


ie 


Penn State Milton S. Hershey Medical Center 
Hershey, PA 

The Penn State Institute of the Neurosciences in- 
vites nominations for the position of DIRECTOR 
of the newly created Penn State Center for Emerging 
Neurotechnology and Imaging (CENI). The mission 
of the Center is to be at the cutting edge of neuro- 
science translational research, particularly as it relates 
to the application of various neuroimaging modalities, 
neuroinformatics, and emerging technologies. The Cen- 
ter will focus on translational research to transform and 
improve treatment paradigms across clinical neuro- 
science disciplines. The Center is an interdepartmental 
unit within the Institute of the Neurosciences, and will 
comprised core faculty within the clinical Departments 
of Neurosurgery, Neurology, Psychiatry, and Radiology, 
as well as several basic science and engineering depart- 
ments at the Penn State Hershey and University Park 
campuses. 

The new Director will be expected to have led suc- 
cessful research efforts that required interdisciplinary 
collaboration. Experience in working across traditional 
department boundaries and success in working with- 
in several neuroscience disciplines will be highly val- 
ued. Penn State University and the Penn State Hershey 
Medical Center provide extensive opportunities for col- 
laborative and innovative neuroscience research. Con- 
siderable resources will be available to the new Director, 
including new laboratory space, a research-dedicated 
3T MR Scanner, a neuropsychophysiology/EEG suite, 
and the opportunity to recruit new faculty, postdoc- 
toral fellows, and graduate students. The Director is 
expected to utilize these resources to develop the Cen- 
ter as an innovative, translational neuroscience research 
facility that will break new ground and attract extra- 
mural funding. 

The successful candidate will be an M.D., M.D.- 
Ph.D., Ph.D., or equivalent and be an established in- 
vestigator at the Associate Professor or Professor level, 
with a record of research accomplishment and extra- 
mural funding. The new Director may have expertise 
in any field of clinical or basic neuroscience and is ex- 
pected to be comfortable working across these neu- 
roscience disciplines. 

Nominations should include curriculum vitae and 
be sent to: 


Robert E. Harbaugh, M.D., FACS, FAHA 
Chair, CENI Director Search Committee; 
Director, Penn State Institute of the Neurosciences; 
Distinguished Professor and Chair, 
Department of Neurosurgery; 
Professor, Department of Engineering Science and 
Mechanics; 

Department of Neurosurgery, 

30 Hope Drive, EC110 
Penn State University, 

M.S. Hershey Medical Center 
Hershey, PA 17033-0850 
Telephone: 717-531-4383, fax: 717-531-3858 
E-mail: rharbaugh@psu.edu 


Penn State is committed to Affirmative Action, Equal Op- 
portunity, and the diversity of its workforce. Equal Opportunity 
Employer/Affirmative Action /Minorities /Females/Persons with 
Disabilities / Veterans. 

Website: http://pennstatehershey.psu.edu/web/ 


neuroscience. 


Wayne State University, School of Medicine, Depart- 
ment of Surgery invites applications for a FACULTY 
POSITION rank to be determined. Applicants must 
have a Ph.D. degree, a proven track record of produc- 
tivity and a commitment to cancer research, the ability 
to work with others in a multidisciplinary setting in 
order to drive novel approaches linking the laboratory 
to clinical trials, and the ability to promote an envi- 
ronment of collegiality and collaboration with existing 
basic and clinical scientists. Send curriculum vitae to: 
Donald Weaver, M.D., Professor and Chair, Depart- 
ment of Surgery Wayne State University, 6C/UHC, 
4201 St. Antoine, Detroit, MI 48201. WSU is an Equal 
Opportunity Affirmative Action Employer. 
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POSITIONS OPEN 


TWO FACULTY POSITIONS 
The University of Kansas 


The Department of Pharmaceutical Chemistry 
at the University of Kansas, invites applications 
for a full-time tenure-track faculty position at 
the ASSISTANT or ASSOCIATE level in Bio- 
analytical Chemistry for the 2011-2012 academic 
year. The Pharmaceutical Chemistry Department 
is affiliated with the Ralph N. Adams Institute 
for Bioanalytical Chemistry and houses the 
Macromolecule and Vaccine Stabilization Center. 
For position details and to apply, go to website: 
http://jobs.ku.edu and search for position 
00001650. Screening of applications will begin 
October 15, 2010. Applications will be accepted 
until the position is filled. 

Bioanalytical Chemistry faculty position. The 
Department of Chemistry at the University of 
Kansas is seeking exceptional candidates for a 
tenure-track position in Bioanalytical Chemistry 
at the Assistant Professor level expected to begin 
as early as August 18, 2011. The successful can- 
didate will become a member of the Ralph N. 
Adams Institute of Bioanalytical Chemistry, which 
offers a collaborative and cross-disciplinary re- 
search environment. For a complete announce- 
ment and to apply online, go on website: http:// 
jobs.ku.edu and search for position 00002056. 
Review of applications of applications will be- 
gin October 15, 2010, and will continue until 
no longer needed. 

Equal Opportunity/Affirmative Action Employer. 


FACULTY POSITION in IMMUNOLOGY 
Department of Microbiology-Immunology 
Northwestern University 
Feinberg School of Medicine 


A tenure-track position is open for a full-time faculty 
researcher (Ph.D., M.D.-Ph.D., or M.D.) in Immu- 
nology. Areas of particular interest include innate and 
adaptive immunity to microorganisms, lymphocyte ac- 
tivation and differentiation, and immune regulation. 
Rank is open. All applicants should have substantial 
peer-reviewed publications that demonstrate research 
productivity and the ability to perform cutting edge re- 
search. Candidates for an ASSISTANT PROFESSOR 
position should have postdoctoral research experience. 
Candidates seeking appointment at the ASSOCI- 
ATE PROFESSOR or FULL PROFESSOR level 
should have substantial research productivity and a his- 
tory of grant support and academic service. Candidates 
should have an interest in teaching graduate and med- 
ical students. Starting date is negotiable. 

Application materials will be reviewed as received, 
but to receive full consideration, should be received 
by December 15, 2010. Please send a complete cur- 
riculum vitae and the name and contact information 
of at least three references to e-mail: immunology@ 
northwestern.edu. 

Jorthiwvestern University is an Affirmative Action/Equal Op- 
portunity Employer. Women and minorities are encouraged to 
apply. Hiring is contingent upon eligibility to work in the United 
States. 


CAREER OPPORTUNITY. Doctor of Optom- 
etry (O.D.) degree in 27 months for Ph.D.s in sci- 
ence and M.D.s. Excellent career opportunities for 
O.D.-Ph.D.s and O.D.-M.D.s in research, educa- 
tion, industry, and clinical practice. This unique pro- 
gram starts in March of each year, features small 
classes, and has 12 months devoted to clinical care. 

Contact the Admissions Office, telephone: 800- 
824-5526 at The New England College of Optom- 
etry, 424 Beacon Street, Boston, MA 02115. 
Additional information at website: http://www.neco. 
edu. Email: admissions@neco.edu. 


UNIVERSITY OF 


MARYLAND 


TENURE-TRACK FACULTY POSITIONS 
Cell Biology and Molecular Genetics 


The Department of Cell Biology and Molecular Ge- 
netics at the University of Maryland College Park is 
seeking outstanding candidates to fill two ASSIST- 
ANT PROFESSOR positions in each of the follow- 
ing research areas: 

1. Functional RNA. Areas of interest include but are 
not limited to non-coding RNAs involved in the reg- 
ulation of gene expression, epigenetics, and development 
using microbial, plant, insect, and mammalian systems 
with emphasis on approaches involving cell biology, 
biophysics, bioinformatics, and/or genomics. 

2. Host-Pathogen Interactions. Areas of interest in- 
clude but are not limited to molecular mechanisms of 
virulence and resistance to pathogens of plants, fungi, 
insects, or other model organisms with emphasis on 
approaches involving genetics, cell biology, bioinfor- 
matics, and/or genomics. 

These appointments will be part of an ongoing 
campus drive for enhancement in the life sciences. 
Successful candidates will be expected to maintain a 
vigorous, externally funded research program and to 
participate in undergraduate and graduate teaching. 
Applicants must have a doctorate degree, relevant post- 
doctoral experience, an outstanding publication record 
and a commitment to excellence in teaching. Additional 
information about the department can be found at 
website: http: //www.life.umd.edu/CBMG. 

The University of Maryland, College Park is the 
flagship campus of the University System of Maryland 
and one of the most rapidly advancing public research 
universities in the country. The Department offers out- 
standing new research facilities and a highly interactive 
environment, with extensive opportunities to interact 
with scientists affiliated with other Departments, Cen- 
ters, and Institutes at the University of Maryland. Close 
proximity to Washington D.C., Baltimore, and the 
Maryland Biotechnology Corridor facilitates interac- 
tions with an extraordinary range of major research 
institutions such as NIH, NIST, FDA, and USDA, 
in addition to providing a rich cultural environment. 

Applicants should apply electronically to one of the 
following at website: http://jobs.umd.edu specifying 
either (1) Functional RNA - Dr. Jonathan Dinman, 
Search Committee Chair (position #116703), or (2) 
Host-Pathogen Interactions - Dr. Steven Hutcheson, 
Search Committee Chair (position #116704). Appli- 
cations should consist of a single PDF file containing 
(1) a letter of application, (2) curriculum vitae, and 
(3) summary of research plans and teaching interests. 
For full consideration, four recommendation letters 
should be sent separately. Complete applications should 
be received by October 31, 2010, but will be accepted 
until the positions are filled. 

The University of Maryland is an Affirmative Action/Equal 
Opportunity Employer. Women and members of underrepresented 
groups are especially encouraged to apply. 


The Department of Ecology and Evolutionary Biology, 
Tulane University, invites applications for one tenure- 
track position at the level of ASSISTANT PROFES- 
SOR. We encourage applications from LANDSCAPE 
or ECOSYSTEM ECOLOGISTS focused on wetland, 
tropical, and/or plant communities. See website: http:// 
www.tulane.edu/~ebio/news/new-positions.php 
for details about the positions, department, and appli- 
cation process. Send letter of application, curriculum 
vitae, statements of research and teaching interests, 
selected publications, and names and addresses of three 
references to: EEB Faculty Search, Department of 
Ecology and Evolutionary Biology, 400 Lindy Boggs 
Center, Tulane University, New Orleans, LA 70118- 
5698. Review of applications will begin October 15, 
2010, and the search will remain open until the po- 
sition is filled. An offer of employment is, however, 
contingent upon authorization of the position. Tulane Uni- 
versity is an Affirmative Action/Equal Employment Opportunity/ 
ADA Employer. Women and minorities are encouraged to apply. 
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Faculty Positions in Gene Regulation and Genomics 


The Cecil H. and Ida Green Center for Reproductive Biology Sciences and the Division of Basic Reproductive 
Biology Research in the Department of Obstetrics and Gynecology at the University of Texas Southwestern Medi- 
cal Center in Dallas invite applications from outstanding candidates for three tenure-track assistant professor 
positions in signaling, gene regulation, and genome function, especially in the areas of chromatin and transcription, 
epigenetics, nuclear endpoints of cellular signaling pathways, nuclear receptors, RNA biology, genome organiza- 
tion and evolution, and DNA replication and repair. We are interested in a wide variety of model systems and 
experimental approaches, including biochemistry, molecular biology, structural biology, animal models, genomics, 
proteomics, bioinformatics, and computational biology. The Green Center’s research programs focus on, but are 
not limited to, female reproductive biology in a broad sense, including: oocyte maturation, fertilization, develop- 
ment, pregnancy, parturition, stem cells, endocrinology, and oncology, as well as relevant aspects of metabolism, 
inflammation, immunity, and neurobiology. 


Position 1: Signaling, chromatin, and gene regulation - a broad search for candidates using a wide array of 
experimental approaches to address fundamental questions in nuclear signaling, chromatin, transcription, epi- 
genetics, and RNA biology. 


Position 2: Genomic, bioinformatic, computational, and evolutionary approaches to understanding gene 
regulation - a more focused search in areas that will connect to broader genomic initiatives on campus. 


Position 3: Molecular biology of female reproductive systems - a search for candidates using cell-based or 
physiological models in combination with molecular or genomic approaches to address fundamental questions 
concerning female reproductive biology. 


The Green Center is an endowed basic science research center at UT Southwestern, which promotes and supports cutting-edge, integrative, and collaborative 
basic research in female reproduction and related areas of biology, as well as strong connections between basic and clinical research. This recruitment is 
part of a major university- and department-supported renovation and rejuvenation of the Green Center (upwards of 12 million dollars when completed and 
fully staffed). Successful candidates, who will be housed in a newly renovated state-of-the-art research facility and provided a generous start-up package, 
are expected to establish scientifically rigorous and externally funded research programs and participate in center, department, and university teaching and 
training programs. To learn more about the Green Center, visit: http://www.utsouthwestern.edu/utsw/home/research/greencenter/. 


Candidates must have a Ph.D. or M.D. or equivalent in a relevant field of study, postdoctoral or comparable experience, and a demonstrated record of research 
excellence. Applicants should send a letter of application, curriculum vitae, and a statement of planned research projects as pdf files to GreenCenter@ 
UTSouthwestern.edu, indicating the position of interest (1, 2, or 3) in the subject line. Applicants should also arrange for three letters of reference to be 
sent directly to the above e-mail address. Review of applications will begin on October 1, 2010 and continue during the 2010 - 2011 academic year or 
until the positions are filled, although applicants are encouraged to submit their materials as soon as possible. 


UT Southwestern is an Equal Opportunity/Affirmative Action Employer. 


University of Colorado 
School of Medicine 


The Department of Biochemistry and 
Molecular Genetics at the University 
of Colorado School of Medicine 


SANFZRD 


Vice-President Research Fargo Region 


Sanford Health, a non-profit, integrated healthcare system, invites applications for the position of Vice 
President of Research, Fargo Region. Sanford Health has accelerated the expansion of its health research 


in Denver invites applications for 
Assistant Professor faculty positions. 
We are broadly interested in candidates 
focusing in the areas of biophysics or 
genomics or biochemistry. Successful 
candidates will be expected to establish 
a vigorous, innovative and independent 
research program and participate 
in teaching. They will join a highly 
interactive, interdisciplinary group of 
faculty (http://www.uchsc.edu/sm/ 
bbgn/), students, and fellows, and enjoy 
access to state-of-the-art equipment and 
facilities on our new campus. Candidates 
must hold a PhD (or equivalent) degree 
and have a strong record of research 
accomplishments. 


Applicants should submit via 
jobsatcu.com, a CV, a brief description 
of research accomplishments and plans, 
and names of at least three people who 
can write a letter of reference. 


We will begin reviewing applications 
November 15, 2010. 


enterprise, Sanford Research, following receipt of a transformational gift by philanthropist Denny San- 
ford. Sanford Research engages in medical research to discover, develop, verify and publish knowledge 
regarding the causes, diagnoses, treatment, prevention or control of certain diseases. Sanford Research 
strives to coordinate its research efforts with those of Sanford Health’s university affiliates. Sanford 
Health is the largest rural healthcare delivery system in the United States. 


Sanford Health’s 18,000 employees serve more than two million people in six states. The system includes 
30 hospitals with a total of 1,600 beds and employs more than 800 physicians in 70-plus specialty areas. 
Currently Sanford Research includes more than 160 full-time research staff and has grown to include 
more than $30 million in annual research expenditures. The system expects significant growth in research 
and we seek an individual to lead research initiatives in the Fargo, North Dakota Region. 


Sanford seeks an accomplished scientist and innovative research leader with a track record of building 
and leading multiple research teams. The successful candidate will have had a career as a scientist and 
administrator with progressive responsibilities in building research programs and additional management 
functions. It is important that the candidate understand how to integrate research activities within the 
overall patient care mission of the health system, and to coordinate those research activities with those 
of Sanford Health’s university affiliates. Additional experience with translational research and com- 
mercialization would also be of value. Finally, the candidate will have a desire to forge strong research 
collaborations and business relationships, a demonstrated track record of obtaining extramural funding 
and the ability to mentor faculty. 


Significant institutional support, including modern laboratory space will be provided for program devel- 
opment. A comprehensive compensation package will be tailored to the individual’s qualifications. 
Sanford Health is an Equal Opportunity/Affirmative Action Employer. Applicants should have a PhD, 
DVM, MD or MD/PhD degrees, and be eligible for academic faculty appointment at the University of 
North Dakota School of Medicine and Health Sciences. Candidates should submit a detailed curriculum 
vita, description of research experience and future plans, and at least three letters of recommendation. 
Application materials should be sent to: M. Benjamin Perryman, PhD, Sanford Health, 2301 East 
60th Street North, Sioux Falls, SD 57104. 


For further information, contact (605) 312-6073 or ben.perryman@sanfordhealth.org. 
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POSITIONS OPEN 


SENIOR POSITIONS in 
Global Change Science and Adaptation 
Brown University 
Center for Environmental Studies and 
Environmental Change Initiative 


Brown University announces a search for two 
distinguished SENIOR SCIENTISTS with 
broad interests in the science and policy of cli- 
mate change and global environmental change. 
We seek outstanding researchers with strong 
records of interdisciplinary collaboration whose 
strengths will complement each other and in- 
tegrate existing research strengths in earth sys- 
tems history, remote sensing and spatial analysis, 
conservation biology, ecosystem ecology and bio- 
geochemistry, environmental sociology, demog- 
raphy, and climate change adaptation at Brown 
and our partner institution, the Marine Biolog- 
ical Laboratory at Woods Hole. Examples of 
areas of particular interest include regional cli- 
mate modeling; landscape and ecosystem ecology; 
predicting environmental and/or socio-economic 
impacts of energy, water, or land use decisions; 
environmental risk analysis; and climate change 
adaptation. 

These appointments will be at the rank of AS- 
SOCIATE PROFESSOR or PROFESSOR, 
tenured in an appropriate department such as in 
Geological Sciences, Ecology and Evolutionary 
Biology, Sociology, Political Science, or Econom- 
ics. The successful candidate will be expected to 
contribute to interdisciplinary research programs, 
teach environmental courses in their area of spe- 
cialty, and advise undergraduate and graduate 
students. Requirements include an outstanding 
record of externally funded research and peer- 
reviewed publication meriting a tenured depart- 
mental appointment, commitment to excellence 
in graduate and undergraduate education, and 
potential for intellectual leadership and inter- 
disciplinary collaboration with faculty in the 
CES/ECI and cooperating departments. 

To apply, please send a letter of interest, a cur- 
rent curriculum vitae, and names of five references 
to: Search Committee, Center for Environmen- 
tal Studies, Box 1943, Brown University, Prov- 
idence, RI 02912-1943. For further inquiries, 
please contact e-mail: patti_caton@brown.edu. 
Applications must be received by November 15, 
2010, in order to receive full consideration, but 
the search will remain open until the position is 
closed or filled. Brown University is an Equal Em- 
ployment Opportunity/Affirmative Action Employer. 


ENVIRONMENTAL BIOLOGY 
Haverford College 

Haverford College (website: http: //www.haverford. 
edu) seeks outstanding candidates for a tenure-track 
appointment in Environmental Biology at the ASSIST- 
ANT or ASSOCIATE PROFESSOR level, to begin 
fall 2011. Applicants using molecular and/or compu- 
tational approaches to study fundamental questions in 
ecology, biodiversity, and/or plant biology are encour- 
aged to apply. The successful candidate will contribute 
to a vibrant curriculum in cell and molecular biology, 
participate in an interdisciplinary Environmental Studies 
program that engages colleagues at Bryn Mawr and 
Swarthmore Colleges, and establish a vigorous, externally 
funded research program involving undergraduate stu- 
dents. Postdoctoral experience required. Apply by submit- 
ting a single PDF file containing cover letter, curriculum 
vitae, and statements of research plans and teaching in- 
terests to e-mail: he-environbio@haverford.edu. Three 
formal recommendations, submitted separately by ref 
erees, are also required and should be sent to: Merleen 
Macdonald, Haverford College, 370 Lancaster Ave- 
nue, Haverford, PA 19041. Review of completed ap- 
plications begins October 1. Specific questions may 
be directed to Karl Johnson, Chair, Biology Depart- 
ment. Telephone: 610-896-1306. Haverford i is an Equal 
Opportunity /Affirmative Action Employer committed to excellence 
through diversity and strongly encourages applications and nom- 
inations of persons of color, women, and members of other under- 
represented groups. 
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POSITIONS OPEN 


EUKARYOTIC CELL BIOLOGIST 
Biology 

Tenure-track ASSISTANT PROFESSOR be- 
ginning August 2011 in the Biology Department at 
Colorado College. Specialization open, but we have 
particular interest in candidates who use some combi- 
nation of genetics, molecular biology, biochemistry, 
bioinformatics, genomics, or microscopy as tools ap- 
plied to model systems such as eukaryotic microbes 
(fungi, protozoa) or other organisms appropriate for 
undergraduates at a liberal arts college (e.g. zebrafish, 
Drosophila, or C. elegans). Preference will be given to 
candidates whose expertise complements existing fac- 
ulty. Responsibilities include (1) teaching introductory, 
intermediate, and advanced courses for a new cell and 
molecular biology track; (2) teaching one or more 
courses appropriate for hon- biology majors; and (3) 
development of a peer-reviewed research program involv- 
ing undergraduates. Ph.D. and demonstrated excel- 
lence in undergraduate teaching required; postdoctoral 
experience highly desirable. Colorado College is com- 
mitted to increasing the diversity of its community and 
curriculum. Candidates are encouraged to identify the 
ways in which they can contribute to that goal. Appli- 
cation deadline is September 30, 2010. Send letter of 
application, curriculum vitae, copies of graduate and 
undergraduate transcripts, statements of teaching phi- 
losophy and research interests, along with three letters 
of reference to: Search Committee, Department of 
Biology, Colorado College, 14 East Cache la Poudre 
Street, Colorado Springs, CO 80903. Colorado Col- 
lege is a highly selective liberal arts college with a unique 
one-course-at-a-time curriculum. The College is an Equal 


Opportunity Employer that does not discriminate on the basis of 


race, color, age, religion, gender, sexual orientation, national origin, 
or disability in its educational programs, activities, or employment 
ptactices. 


ORGANIC CHEMISTRY 
Dartmouth College 


Applications are invited for a tenured ASSOCIATE 
or FULL PROFESSOR faculty position starting July, 
2011. The Chemistry Department seeks an individual 
who has already established a nationally recognized re- 
search program in synthetic organic chemistry with bio- 
chemical and/or medicinal applications, whose research 
interests will complement those of the current faculty, 
and who will excel at teaching in our undergraduate and 
Ph.D. curriculum. Chemistry with biological or medical 
applications is one of two targeted areas in the depart- 
ment’s long-range plans. We particularly seek candi- 
dates who will help lead collaborative research projects 
both within Chemistry and involving other Dartmouth 
researchers, including those at Dartmouth’s Medical 
School, Norris Cotton Cancer Center, and Thayer School 
of Engineering. Candidates will be expected to teach in- 
troductory and advanced courses in organic chemistry, 
as well as graduate courses in their area of research. Ap- 


plicants should submit curriculum vitae, a description of 


their current research funding and future plans, a state- 
ment of their teaching interests, and names of at least 
three references. All inquiries and applications will be 
treated confidentially. Application materials should be 
sent to: Chair, Organic Chemist Search Committee, 
Department of Chemistry, 6128 Burke Laboratory, 
Dartmouth College, Hanover, NH 03755-3564. The 
Committee will begin to consider completed applica- 
tions on October 15. With an even distribution of male and 


female students and over a quarter of the undergraduate student 


population members of minority groups, Dartmouth is committed to 
diversity and encourages applications from women and minorities. 
Dartmouth College is an Equal Opportunity and Affirmative 
Action Employer. 
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TENURE-TRACK FACULTY POSITIONS 
Physiology 

The Department of Physiology at Wayne State Uni- 
versity (WSU) School of Medicine invites applications 
for two tenure-track ASSISTANT or ASSOCIATE 
PROFESSOR positions. We seek energetic individ- 
uals with research interests in the areas of molecular, 
cellular, systems, translational physiology, and/or bio- 
physics to strengthen and complement ongoing pro- 
grams in the Department (website: http://physiology. 
med.wayne.edu). The Department is currently under 
major expansion and development of its strong multi- 
disciplinary research programs. 

Startup packages and salaries are highly competi- 
tive. Candidates are expected to establish active extra- 
murally funded research programs and participate in 
teaching medical/graduate students. Candidates must 
hold Ph.D., M.D., or equivalent and apply with cur- 
riculum vitae, detailed research plan, and names and 
contact information of three references to e-mail: 
wsuphysiologyfacultysearch@med.wayne.edu. Re- 
view of applications will begin after October 1, 2010, 
and continue until positions are filled. 

WSU offers 350 academic programs through 14 
schools and colleges to over 31,000 students in met- 
ropolitan Detroit. The Detroit metro area combines 
cosmopolitan attractions with lovely suburban com- 
munities as part of a national technology hub. WSU 
School of Medicine is a state of-the-art research envi- 
ronment, and is rated by the Carnegie Foundation in 
the top one third of all U.S. research institutions. WSU 
was also ranked by Scientist Magazine in 2009 as one 
of the Top 40 Best Places to Work among all U.S. aca- 
demic institutions. WSU is an Equal Opportunity /Affirmative 
Action Employer. 


POSTDOCTORAL POSITION 
Bacterial Pathogenesis 

A senior-level Postdoctoral position is currently avail- 
able to study molecular mechanisms of streptococcal 
pathogenesis in the laboratory of Dr. Indranil ord 
University of Kansas Medical Center, Kansas City. A 
doctoral degree in Biochemistry (or related field) with 
strong background in protein chemistry, molecular 
biology, and bacterial genetics is required. Applica- 
tions will be accepted until the position is filled. To 
view a complete position description and apply online 
only, go to website: http://jobs.kuume.edu and search 
for position J0010449. Please include a curriculum 
vitae, list of publications, and contact information for 
three references. KUMC is an Equal Opportunity /Affirmative 
Action Employer. 


MARKETPLACE 


RECOMBINANT PROTEINS 


HIV, SIV, HCV, HBV, Influenza HA, 
Human Proteins."Ag/Ab:TB, Malaria, Dengue 
Chagas, Lepto, Toxo, Tp, C-gunya, Sars, W Nile 


Promab Biotechnologies Inc. 


Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 


Knockout Mice 


Deltagen, Inc. 
Inventory of over 900 lines of knockout mice with targeted gene 
deletions available to be licensed for research and drug development. 
Visit www.deltagen.com to do a BLAST search of our inventory or to 
download the list of available KO mouse lines. 

«GPCRs * Secreted proteins * Transporters 

° Kinases * lon Channels * Others 


www.deltagen.com (650) 345-7602 
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